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7KLV�UHSRUW�ZDV�SUHSDUHG�XQGHU�FRQWUDFW�EHWZHHQ�WKH�0LQHUDOV�0DQDJHPHQW�6HUYLFH��006��DQG�5REHUW�$\HUV�	
$VVRFLDWHV��,QF���7KLV�UHSRUW�KDV�EHHQ�WHFKQLFDOO\�UHYLHZHG�E\�WKH�006��DQG�LW�KDV�EHHQ�DSSURYHG�IRU�SXEOLFDWLRQ�
$SSURYDO�GRHV�QRW�VLJQLI\�WKDW�WKH�FRQWHQWV�QHFHVVDULO\�UHIOHFW�WKH�YLHZV�DQG�SROLFLHV�RI�WKH�006��QRU�GRHV�PHQWLRQ
RI�WUDGH�QDPHV�RU�FRPPHUFLDO�SURGXFWV�FRQVWLWXWH�HQGRUVHPHQW�RU�UHFRPPHQGDWLRQ�IRU�XVH���,W�LV��KRZHYHU��H[HPSW
IURP�UHYLHZ�DQG�FRPSOLDQFH�ZLWK�WKH�006�HGLWRULDO�VWDQGDUGV�

5(3257�$9$,/$%,/,7<

([WUD�FRSLHV�RI�WKLV�UHSRUW�PD\�EH�REWDLQHG�IURP�WKH�3XEOLF�,QIRUPDWLRQ�2IILFH��0DLO�6WRS�������DW�WKH�IROORZLQJ
DGGUHVV�

8�6��'HSDUWPHQW�RI�WKH�,QWHULRU
0LQHUDOV�0DQDJHPHQW�6HUYLFH
*XOI�RI�0H[LFR�2&6�5HJLRQ
3XEOLF�,QIRUPDWLRQ�2IILFH��06������
�����(OPZRRG�3DUN�%RXOHYDUG
1HZ�2UOHDQV��/RXLVLDQD�����������

7HOHSKRQH�����������������RU
�����������������������������*8/)
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6XJJHVWHG�FLWDWLRQ�

1HII��-�0���6��0F.HOYLH�DQG�5�&��$\HUV��-U���������(QYLURQPHQWDO�LPSDFWV�RI�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��5HSRUW
SUHSDUHG�IRU�006�E\�5REHUW�$\HUV�	�$VVRFLDWHV��,QF��$XJXVW���������8�6��'HSDUWPHQW�RI�WKH�,QWHULRU�
0LQHUDOV�0DQDJHPHQW�6HUYLFH��*XOI�RI�0H[LFR�2&6�5HJLRQ��1HZ�2UOHDQV��/$���2&6�6WXG\�006������
���������SS�
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:H�ZRXOG�OLNH�WR�WKDQN�'U��0DU\�%RDWPDQ�DQG�0V��.DWKHULQH�9DOOWRV�RI�006�ZKR�UHVSHFWLYHO\�VHUYHG�DV�3URMHFW
2IILFHU�DQG�&RQWUDFWLQJ�2IILFHU�IRU�WKLV�SURMHFW���7KH�6FLHQWLILF�5HYLHZ�%RDUG�PHPEHUV�IRU�WKH�SURMHFW�ZHUH�0U�
-RVHSK�'DO\�DQG�'U��&DURO�'DQLHOV�RI�(3$��'U��-DPHV�3��5D\�RI�(TXLORQ�DQG�'U��-RKQ�9HLO�RI�$UJRQQH�1DWLRQDO
/DERUDWRU\��7KH�DXWKRUV�DUH�JUDWHIXO�WR�WKH�8.�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ�IRU�DOORZLQJ�DFFHVV�WR�LWV�PHPEHU
FRPSDQLHV�VHDEHG�VXUYH\�GDWD�LQ�WKH�8.�VHFWRU�RI�WKH�1RUWK�6HD��:H�ZRXOG�DOVR�OLNH�WR�WKDQN�0U��-RKQ�&DQGOHU�DQG
0U��6WHSKHQ�5DENH�RI�0�,�'ULOOLQJ�)OXLGV��'U��-RKQ�+DOO�RI�%DURLG�'ULOOLQJ�)OXLGV��DQG�'U��-RVHSK�6PLWK�DQG�'U�
+HLGH�0DLUV�RI�([[RQ0RELO�ZKR�UHYLHZHG�WKH�GUDIW�GRFXPHQW�DQG�SURYLGHG�PDQ\�XVHIXO�FRPPHQWV���6RXQG
(QYLURQPHQWDO�6ROXWLRQV��,QF��SUHSDUHG�WKH�ILQDO�GRFXPHQWDWLRQ�LQ�WKH�VWDQGDUG�006�IRUPDW��:H�ZRXOG�OLNH�WR
WKDQN�-HDQ�0DWKXU�IRU�KHU�HIIRUWV�LQ�WKLV�HQGHDYRU�
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6\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��6%)��DUH�D�UHODWLYHO\�QHZ�FODVV�RI�GULOOLQJ�PXGV�WKDW�DUH�SDUWLFXODUO\�XVHIXO�IRU
GHHSZDWHU�DQG�GHYLDWHG�KROH�GULOOLQJ��7KH\�ZHUH�GHYHORSHG�WR�FRPELQH�WKH�WHFKQLFDO�DGYDQWDJHV�RI�RLO�EDVHG�GULOOLQJ
IOXLGV��2%)��ZLWK�WKH�ORZ�SHUVLVWHQFH�DQG�WR[LFLW\�RI�ZDWHU�EDVHG�GULOOLQJ�IOXLGV��:%)���,Q�DQ�6%)��WKH�FRQWLQXRXV
OLTXLG�SKDVH�LV�D�ZHOO�FKDUDFWHUL]HG�V\QWKHWLF�RUJDQLF�FRPSRXQG��$�VDOW�EULQH�XVXDOO\�LV�GLVSHUVHG�LQ�WKH�V\QWKHWLF
SKDVH�WR�IRUP�DQ�HPXOVLRQ��7KH�RWKHU�LQJUHGLHQWV�RI�DQ�6%)�LQFOXGH�HPXOVLILHUV��EDULWH��FOD\V��OLJQLWH��DQG�OLPH�
6%)V�FRQWDLQ�WKH�VDPH�PHWDOV�DV�:%)V��$OO�DUH�WLJKWO\�FRPSOH[HG�ZLWK�WKH�EDULWH�DQG�FOD\�IUDFWLRQV�RI�WKH�PXG�DQG
KDYH�D�ORZ�ELRDYDLODELOLW\�DQG�WR[LFLW\�

%XON�6%)V�XVXDOO\�DUH�QRW�GLVFKDUJHG�WR�WKH�RFHDQ��+RZHYHU��GULOO�FXWWLQJV�JHQHUDWHG�GXULQJ�GULOOLQJ�ZLWK�6%)V�PD\
EH�WUHDWHG�WR�UHPRYH�6%)V�DQG�GLVFKDUJHG�WR�WKH�RFHDQ��7KH�FXWWLQJV�FRQWDLQ�D�VPDOO�DPRXQW��XVXDOO\���WR���
SHUFHQW��DGKHULQJ�6%)V��'XULQJ�GULOOLQJ�RI�HDFK�RI����ZHOOV�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD�LQ�WKH�ODWH�����V�����
WR������PHWULF�WRQV�RI�FXWWLQJV�FRQWDLQLQJ����WR�����PHWULF�WRQV�RI�6%)�ZHUH�GLVFKDUJHG�WR�WKH�RFHDQ�

7KH�6%)�EDVH�IOXLG���RU�V\QWKHWLF��PD\�EH�D�K\GURFDUERQ��HWKHU��HVWHU��RU�DFHWDO��6\QWKHWLF�K\GURFDUERQV�LQFOXGH
QRUPDO��OLQHDU��SDUDIILQV��/3V���OLQHDU�D�ROHILQV��/$2V���SRO\�D�ROHILQV��3$2V���DQG�LQWHUQDO�ROHILQV��,2V���0RVW
GULOOLQJ�LQ�WKH�*XOI�RI�0H[LFR�FXUUHQWO\�LV�ZLWK�:%)V��:KHQ�:%)V�DUH�QRW�VXLWDEOH�DQG�2%)V�DUH�QRW�VHOHFWHG��,2
DQG�/$2�6%)V�DUH�XVHG�DOPRVW�H[FOXVLYHO\�

6%)�FXWWLQJV�DUH�¦RLO�ZHW§�DQG��ZKHQ�GLVFKDUJHG�WR�WKH�RFHDQ��WHQG�WR�FOXPS�WRJHWKHU�LQ�ODUJH�SDUWLFOHV�WKDW�VHWWOH
UDSLGO\�WR�WKH�VHD�IORRU��(VWHU�6%)�FXWWLQJV�DUH�PRUH�HDVLO\�GLVSHUVHG�WKDQ�3$2�6%)�FXWWLQJV��,I�WKH�FRQFHQWUDWLRQ�RI
EDVH�IOXLG�RQ�FXWWLQJV�LV�UHGXFHG�WR�OHVV�WKDQ�DERXW���SHUFHQW��WKH�FXWWLQJV�ZLOO�GLVSHUVH�PRUH�HIIHFWLYHO\�DQG�D
FXWWLQJV�SLOH�ZLOO�EH�OHVV�OLNHO\�WR�DFFXPXODWH�RQ�WKH�ERWWRP�

%HFDXVH�RI�UDSLG�VHWWOLQJ��6%)�FXWWLQJV�GR�QRW�GLVSHUVH�LQ�WKH�ZDWHU�FROXPQ�DQG�GR�QRW�LQFUHDVH�ZDWHU�FROXPQ
WXUELGLW\��7KH�FXWWLQJV�VHWWOH�LQ�D�YHU\�KHWHURJHQHRXV�SDWWHUQ�RQ�WKH�ERWWRP�QHDU�WKH�SODWIRUP��WKH�GLUHFWLRQ�IURP�WKH
SODWIRUP�RI�GHSRVLWLRQ�GHSHQGLQJ�RQ�FXUUHQW�GLUHFWLRQ�DQG�VSHHG�DW�GLIIHUHQW�GHSWKV�LQ�WKH�ZDWHU�FROXPQ��&XWWLQJV
SLOHV�RFFDVLRQDOO\�DUH�REVHUYHG�LQ�VKDOORZ�ZDWHU��EXW�UDUHO\�DUH�KLJKHU�WKDQ���P��&XWWLQJV�SLOHV�UDUHO\�RFFXU�LQ�GHHS�
ZDWHU�RU�KLJK�HQHUJ\�PDULQH�HQYLURQPHQWV�

6HYHUDO�ILHOG�VWXGLHV�KDYH�VKRZQ�WKDW�WKH�KLJKHVW�FRQFHQWUDWLRQV�RI�6%)�FXWWLQJV�XVXDOO\�DUH�ORFDWHG�LQ�VHGLPHQWV
ZLWKLQ�DERXW�����P�RI�WKH�SODWIRUP��+RZHYHU��6%)�FXWWLQJV�PD\�EH�GHSRVLWHG���WR���NP�IURP�WKH�GLVFKDUJH�SRLQW�
%DVH�IOXLG��FRQFHQWUDWLRQV�DV�KLJK�DV���������PJ�NJ�GU\�ZW�KDYH�EHHQ�REVHUYHG�LQ�VHGLPHQWV��&RQFHQWUDWLRQV�LQ
VHGLPHQWV�XVXDOO\�DUH�OHVV�WKDQ��������PJ�NJ�DW�GLVWDQFHV�RI�PRUH�WKDQ�����P�IURP�WKH�GLVFKDUJH��%DVH�IOXLG
FRQFHQWUDWLRQV�LQ�VHGLPHQWV�XVXDOO\�GHFUHDVH�ZLWK�WLPH�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�DQG�FXWWLQJV�GLVFKDUJHV�
+RZHYHU��WKH�UDWH�RI�GHFUHDVH�LV�GLIILFXOW�WR�GRFXPHQW�EHFDXVH�RI�WKH�KHWHURJHQHRXV�GLVWULEXWLRQ�RI�FXWWLQJV�LQ
VHGLPHQWV�

&RQFHQWUDWLRQV�RI�V\QWKHWLF�EDVH�IOXLGV�LQ�VHGLPHQWV�PD\�GHFUHDVH�ZLWK�WLPH�DIWHU�GLVFKDUJH�E\�UHVXVSHQVLRQ��EHG
WUDQVSRUW��DQG�PL[LQJ��RU�E\�ELRGHJUDGDWLRQ��%DVH�IOXLGV�DUH�GHVLJQHG�WR�EH�ELRGHJUDGDEOH�XQGHU�FRQGLWLRQV�WKDW
RFFXU�LQ�RIIVKRUH�PDULQH�VHGLPHQWV��6HGLPHQW�GZHOOLQJ�EDFWHULD�DQG�IXQJL�DUH�DEOH�WR�XVH�V\QWKHWLFV�DV�D�VRXUFH�RI
QXWULWLRQ��UHOHDVLQJ�VLPSOH�QRQ�WR[LF�PHWDEROLF�GHJUDGDWLRQ�SURGXFWV��6HYHUDO�ODERUDWRU\�PHWKRGV�KDYH�EHHQ
GHYHORSHG�WR�PHDVXUH�WKH�UDWH�RI�ELRGHJUDGDWLRQ�RI�EDVH�IOXLGV�LQ�VHGLPHQWV��7KH�GLIIHUHQW�PHWKRGV�JLYH�ZLGHO\
GLIIHUHQW�UHVXOWV�

%LRGHJUDGDWLRQ�RI�V\QWKHWLF�EDVH�IOXLGV��LQ�VHGLPHQWV�UHVXOWV�LQ�D�GHFUHDVH�LQ�VHGLPHQW�R[\JHQ�FRQFHQWUDWLRQ��,I�WKH
LQLWLDO�EDVH�IOXLG�FRQFHQWUDWLRQ�LV�KLJK�HQRXJK��WKH�VHGLPHQWV�EHFRPH�DQR[LF��7KHUHIRUH��LGHDOO\��V\QWKHWLFV�VKRXOG
EH�ELRGHJUDGDEOH�XQGHU�ERWK�DHURELF�DQG�DQDHURELF�FRQGLWLRQV��7KH�UDWH�OLPLWLQJ�VWHS�LQ�ORVV�RI�EDVH�IOXLG�IURP
VHGLPHQWV�LQ�ZKLFK��FRQFHQWUDWLRQV�DUH�KLJK�HQRXJK�WR�FDXVH�DQR[LD�XVXDOO\�LV�WKH�UDWH�RI�DQDHURELF�ELRGHJUDGDWLRQ�
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7KH�DYDLODEOH�ODERUDWRU\�ELRGHJUDGDWLRQ�WHVWV�VKRZ�WKDW�EDVH�IOXLGV�DUH�PXFK�PRUH�ELRGHJUDGDEOH�XQGHU�DHURELF�WKDQ
XQGHU�DQDHURELF�FRQGLWLRQV��7KH�GLIIHUHQW�V\QWKHWLFV�DOVR�YDU\�FRQVLGHUDEO\�LQ�ELRGHJUDGDELOLW\��7KH�ODERUDWRU\
ELRGHJUDGDWLRQ�WHVWV�PRVW�ZLGHO\�DFFHSWHG�LQ�1RUWK�6HD�FRXQWULHV�UDWH�WKH�DHURELF�DQG�DQDHURELF�ELRGHJUDGDWLRQ�UDWHV
RI�V\QWKHWLF�EDVH�IOXLGV�LQ�WKH�IROORZLQJ�RUGHU��HVWHU!/$2|,2!3$2!DFHWDO!HWKHU��(VWHUV��/$2V��DQG�SRVVLEO\�,2V
ELRGHJUDGH�DQDHURELFDOO\�DW�D�UDWH�VLJQLILFDQWO\�IDVWHU�WKDQ�WKDW�RI�WKH�PLQHUDO�RLOV�XVHG�LQ�2%)V��$�ILHOG�VWXG\�DW�D
SODWIRUP�LQ�WKH�$WODQWLF�2FHDQ�ZHVW�RI�,UHODQG�ZKHUH�D�PL[HG�OLQHDU�SDUDIILQ�/$2�3$2�6%)�ZDV�XVHG�VKRZHG�WKDW
WKH�OLQHDU�SDUDIILQ�DQG�/$2�ZHUH�ELRGHJUDGHG�UDSLGO\��EXW�WKH�3$2�ZDV�GHJUDGHG�VORZO\��LI�DW�DOO��0RUH�WKDQ���
SHUFHQW�RI�WKH�SDUDIILQ�DQG�/$2�ZHUH�ORVW�LQ�WZR�\HDUV��6LPXODWHG�VHDEHG�WHVWV�ZLWK�LQWDFW�VHGLPHQW�FRUHV�SHUIRUPHG
LQ�1RUZD\�VKRZ�WKDW�HVWHUV��/$2V��DQG�,2V��EXW�QRW�DFHWDOV�DQG�3$2V��ELRGHJUDGH�XQGHU�VLPXODWHG�QDWXUDO
FRQGLWLRQV�PRUH�UDSLGO\�WKDQ�PLQHUDO�RLOV��5DSLG�ELRGHJUDGDWLRQ�RI�VRPH�EDVH�IOXLGV��SDUWLFXODUO\�HVWHUV��LQ
VHGLPHQWV�PD\�SURGXFH�DQR[LD��UHVXOWLQJ�LQ�FKDQJHV�LQ�EHQWKLF�FRPPXQLW\�VWUXFWXUH�DQG�IXQFWLRQ��WKH�RUJDQLF
HQULFKPHQW�HIIHFW�

7KH�WR[LFLW\�RI�V\QWKHWLF�EDVH�IOXLGV�DQG�6%)V�KDYH�EHHQ�H[DPLQHG�LQ�ZDWHU�FROXPQ�DQG�VHGLPHQW�WR[LFLW\�WHVWV�
:DWHU�FROXPQ�WR[LFLW\�WHVWV�ZLWK�P\VLGV��$PHULFDP\VLV��0\VLGRSVLV��EDKLD��DQG�WKH�VXVSHQGHG�SDUWLFXODWH�SKDVH�RI
6%)V�KDYH�VKRZQ�WKDW�6%)V�KDYH�D�PXFK�ORZHU�WR[LFLW\�WKDQ�2%)V��7KH�6%)V�SDVV�WKH�WHVW�FULWHULRQ�PHGLDQ�OHWKDO
FRQFHQWUDWLRQ�RI��������PJ�/�VXVSHQGHG�SDUWLFXODWH�SKDVH��6%)�EDVH�IOXLGV�DQG�PRVW�LQJUHGLHQWV�DQG�GHJUDGDWLRQ
SURGXFWV�DOVR�H[KLELW�ORZ�WR[LFLW\��:DWHU�FROXPQ�WHVWV�SHUIRUPHG�LQ�(XURSH�ZLWK�D�PDULQH�PLFURDOJD�DQG�D�FRSHSRG
DOVR�VKRZ�WKDW�EDVH�IOXLGV�KDYH�D�ORZ�WR[LFLW\�WKDW�SDVVHV�ORFDO�DFFHSWDQFH�FULWHULD��6ROLG�SKDVH�WR[LFLW\�WHVWV�ZLWK
EHQWKLF�DPSKLSRGV�RU�ELYDOYH�PROOXVNV�DOVR�VKRZ�D�ORZ�RUGHU�RI�WR[LFLW\�RI�V\QWKHWLFV�

%LRDFFXPXODWLRQ�WHVWV�KDYH�EHHQ�SHUIRUPHG�ZLWK�VHYHUDO�V\QWKHWLF�EDVH�IOXLGV��,Q�DOO�EXW�D�IHZ�WHVWV��WKH\�ZHUH�QRW
ELRDYDLODEOH��,Q�D�IHZ�FDVHV��ELYDOYH�PROOXVNV�DSSHDUHG�WR�ELRDFFXPXODWH�VPDOO�DPRXQWV��KRZHYHU��LW�ZDV�XQFHUWDLQ
ZKHWKHU�WKH�DQLPDOV�ZHUH�UHWDLQLQJ�6%)�SDUWLFOHV�LQ�WKH�JLOOV�DQG�JXW�RU�KDG�DFWXDOO\�DVVLPLODWHG�WKH�V\QWKHWLF�LQWR
WKHLU�WLVVXHV���,W�LV�XQOLNHO\�WKDW�V\QWKHWLFV�DUH�YHU\�ELRDYDLODEOH��EDVHG�RQ�WKHLU�SK\VLFDO�FKHPLFDO�SURSHUWLHV�

6HYHUDO�ILHOG�VWXGLHV�KDYH�EHHQ�SHUIRUPHG�WR�PRQLWRU�WKH�ELRORJLFDO�HIIHFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�RQ�WKH�EHQWKLF
HQYLURQPHQW��7KH�VWXGLHV�VKRZ�WKDW�ZKHUH�EDVH�IOXLGV�DFFXPXODWH�WR�KLJK�FRQFHQWUDWLRQV�LQ�VHGLPHQWV��DGYHUVH
HIIHFWV�LQ�EHQWKLF�FRPPXQLWLHV�DUH�HYLGHQW��7KH�XVXDO�SDWWHUQ�RI�UHVSRQVH�LQ�VHGLPHQWV�LV�D�GHFUHDVH�LQ�WKH�QXPEHU�RI
WD[D�RI�PDULQH�DQLPDOV�LQ�WKH�VHGLPHQWV��DFFRPSDQLHG�E\�OLWWOH�FKDQJH�RU�HYHQ�DQ�LQFUHDVH�LQ�WKH�QXPEHU�RI
LQGLYLGXDOV�SUHVHQW��7KLV�FKDQJH�UHVXOWV�LQ�D�GHFUHDVH�LQ�VSHFLHV�GLYHUVLW\��7KH�FKDQJH�LQ�EHQWKLF�FRPPXQLW\
VWUXFWXUH�LV�FRQVLGHUHG�DQ�RUJDQLF�HQULFKPHQW�HIIHFW��0LFURELDO�GHJUDGDWLRQ�RI�WKH�EDVH�IOXLG�LQ�VHGLPHQWV�UHVXOWV�LQ
R[\JHQ�GHSOHWLRQ�DQG�K\SR[LD�RU�DQR[LD��6HQVLWLYH�VSHFLHV�DUH�HOLPLQDWHG�DQG�DUH�UHSODFHG�E\�WROHUDQW��RSSRUWXQLVWLF
VSHFLHV��3RSXODWLRQ�VL]H�RI�WKH�RSSRUWXQLVWV�PD\�LQFUHDVH�WR�D�KLJK�ELRPDVV�DV�WKH�IDXQD�XVH�WKH�HOHYDWHG�PLFURELDO
SURGXFWLRQ�DV�IRRG��5HFRYHU\�RI�DIIHFWHG�EHQWKLF�VXEVWUDWHV�RFFXUV�ZKHQ�V\QWKHWLF�FRQFHQWUDWLRQV�GHFOLQH�WR�OHYHOV
WKDW�DUH�ORZ�HQRXJK�WKDW�WKH�VHGLPHQWV�FDQ�EHFRPH�UH�R[\JHQDWHG�

7KH�LQIRUPDWLRQ�DERXW�6%)V�GLVFXVVHG�LQ�WKLV�UHYLHZ�ZDV�XVHG�DV�WKH�EDVLV�IRU�D�TXDOLWDWLYH�ULVN�DVVHVVPHQW�IRU�6%)
FXWWLQJV�GLVFKDUJHV�IURP�D�SODWIRUP�LQ�GHHS�FRQWLQHQWDO�VORSH�ZDWHUV�RI�WKH�QRUWKHUQ�*XOI�RI�0H[LFR��,W�ZDV�DVVXPHG
WKDW�GULOO�FXWWLQJV�FRQWDLQLQJ�DERXW����SHUFHQW�DGKHULQJ�/$2�RU�,2�6%)�ZRXOG�EH�GLVFKDUJHG�GXULQJ�GULOOLQJ��7KH
6%)�FXWWLQJV�VHWWOH�UDSLGO\�WKURXJK�WKH�ZDWHU�FROXPQ�DQG�DFFXPXODWH�LQ�VHGLPHQWV�GRZQ�FXUUHQW�IURP�WKH�GLVFKDUJH�
$W�FRQWLQHQWDO�VORSH�GHSWKV��FXWWLQJV�ZRXOG�EH�GLVWULEXWHG�RYHU�D�ODUJH�DUHD�RI�VHGLPHQWV��$Q�XSSHU�ERXQG�HVWLPDWH
RI���KHFWDUH���������P���RI�VHD�IORRU�ZRXOG�LQLWLDOO\�FRQWDLQ�PRUH�WKDQ������PJ�NJ�RI�V\QWKHWLF��7KH�HVWLPDWHG
ELRGHJUDGDWLRQ�KDOI�OLIH�RI�WKH�,2�RU�/$2�DW�WKLV�DSSUR[LPDWH�GHSRVLWLRQ�GHQVLW\�LQ�VHGLPHQW�ZRXOG�EH�LQ�WKH����WR
����GD\�UDQJH��$W�WKLV�GHJUDGDWLRQ�UDWH��WKH�DIIHFWHG�DUHD��!�����PJ�NJ�6%)��ZRXOG�GHFUHDVH�E\�DERXW����SHUFHQW
SHU�\HDU�WR�DQ�DUHD�RI�DERXW�����P��DIWHU�WZR�\HDUV�

&RQFHQWUDWLRQV�RI�EDVH�IOXLG�LQ�VROXWLRQ�LQ�WKH�ZDWHU�FROXPQ�DUH�XQOLNHO\�WR�H[FHHG�DERXW���PJ�/�DW�DQ\�WLPH�GXULQJ
FXWWLQJV�GLVFKDUJHV��%HFDXVH�RI�WKH�ORZ�WR[LFLW\�RI�/$2V�DQG�,2V�WR�ZDWHU�FROXPQ�RUJDQLVPV��WKHUH�LV�QR�ULVN�RI
GLUHFW�WR[LFLW\�RI�WKH�VHWWOLQJ�6%)�FXWWLQJV�WR�ZDWHU�FROXPQ�RUJDQLVPV��7KH�6%)�FXWWLQJV�FOXPS�WRJHWKHU�DQG�VHWWOH
UDSLGO\�WKURXJK�WKH�ZDWHU�FROXPQ��7KLV�JHQHUDWHV�OLWWOH�LQFUHDVHG�ZDWHU�FROXPQ�WXUELGLW\�DQG�SK\WRSODQNWRQ
FRPPXQLWLHV�DUH�XQOLNHO\�WR�EH�VLJQLILFDQWO\�DIIHFWHG�E\�WKH�6%)�FXWWLQJV�SOXPH�

YLLL



%LRORJLFDO�HIIHFWV�RI�WKH�6%)�FXWWLQJV�ZLOO�EH�UHVWULFWHG�WR�WKH�VHGLPHQWV�QHDU�WKH�SODWIRUP�ZKHUH�EDVH�IOXLG
FRQFHQWUDWLRQV�DFFXPXODWH�WR�PRUH�WKDQ�DSSUR[LPDWHO\�������PJ�NJ��6\QWKHWLFV�DUH�XQOLNHO\�WR�DFFXPXODWH�WR
FRQFHQWUDWLRQV�WKDW�DUH�GLUHFWO\�WR[LF�WR�WKH�EHQWKLF�IDXQD��&KDQJHV�LQ�EHQWKLF�FRPPXQLWLHV�LQ�VHGLPHQWV�ZKHUH�6%)
FXWWLQJV�DFFXPXODWH�WR�KLJK�FRQFHQWUDWLRQV�SUREDEO\�ZLOO�LQFOXGH�D�GHFUHDVH�LQ�WKH�QXPEHU�RI�WD[D�DQG�ELRORJLFDO
GLYHUVLW\�DQG�HLWKHU�D�GHFUHDVH�RU�DQ�LQFUHDVH�LQ�WKH�WRWDO�QXPEHU�RI�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�SUHVHQW��7KHVH
EHQWKLF�FRPPXQLW\�UHVSRQVHV�RIWHQ�DUH�DVVRFLDWHG�ZLWK�D�GHFUHDVH�LQ�R[\JHQ�FRQFHQWUDWLRQ�LQ�VXUILFLDO�OD\HUV�RI
VHGLPHQWV��7KH\�DUH�W\SLFDO�UHVSRQVHV�WR�RUJDQLF�HQULFKPHQW�RI�WKH�VHGLPHQWV��$Q�LQFUHDVH�LQ�WKH�FRQFHQWUDWLRQ�RI
ELRGHJUDGDEOH�RUJDQLF�PDWWHU��WKH�EDVH�IOXLG�DQG�RWKHU�RUJDQLF�FRQVWLWXHQWV�RI�WKH�6%)��LQ�VHGLPHQWV�VWLPXODWHV
JURZWK�RI�UHVLGHQW�EDFWHULDO�DQG�IXQJDO�FRQVRUWLD�WKDW�GHJUDGH�WKH�RUJDQLF�PDWWHU�DQG�FRQVXPH�DYDLODEOH�R[\JHQ�

:LWK�WKH�GHSOHWLRQ�RI�VHGLPHQW�R[\JHQ��WKH�UHVLGHQW�PLFURELRWD�XVH�DOWHUQDWLYH�HOHFWURQ�DFFHSWRUV�WR�R[LGL]H�WKH
RUJDQLF�PDWWHU��SURGXFLQJ�K\GURJHQ�VXOILGH��DPPRQLD��DQG�SRVVLEO\�PHWKDQH�DV�ZDVWH�SURGXFWV��6RPH�VSHFLHV�RI
EHQWKLF�IDXQD�DUH�VHQVLWLYH�WR�ORZ�R[\JHQ�FRQFHQWUDWLRQV�RU�KLJK�FRQFHQWUDWLRQV�RI�K\GURJHQ�VXOILGH�RU�DPPRQLD�DQG
DUH�HOLPLQDWHG�IURP�WKH�FRPPXQLW\��2WKHU�VSHFLHV�FDQ�WROHUDWH�WKHVH�FKHPLFDO�FKDQJHV�DQG�WKH\�PD\�FRORQL]H�WKH
DIIHFWHG�VXEVWUDWH�LQ�ODUJH�QXPEHUV��7RWDO�ELRPDVV�DQG�EHQWKLF�SURGXFWLRQ�PD\�DFWXDOO\�LQFUHDVH�LQ�WKH�DIIHFWHG
VHGLPHQWV�

7KH�VORSH�EHQWKRV�DUH�QRW�DGDSWHG�WR�UDSLG�VHGLPHQW�GHSRVLWLRQ�DQG�PD\�EH�EXULHG�DQG�VPRWKHUHG�E\�DFFXPXODWLRQ
RI�6%)�FXWWLQJV�RQ�WKH�VHD�IORRU��$FFXPXODWLRQ�RI�FXWWLQJV�WR�D�GHSWK�RI�PRUH�WKDQ�D�FHQWLPHWHU�SUREDEO\�ZRXOG�EH
VXIILFLHQW�WR�VPRWKHU�PRVW�RI�WKH�VPDOOHU�VORSH�EHQWKLF�IDXQD�

,W�LV�SUREDEOH�WKDW�ZLWKLQ�WKUHH�WR�ILYH�\HDUV�RI�FHVVDWLRQ�RI�6%)�FXWWLQJV�GLVFKDUJHV��FRQFHQWUDWLRQV�RI�V\QWKHWLF�LQ
VHGLPHQWV�ZLOO�KDYH�IDOOHQ�WR�ORZ�HQRXJK�OHYHOV�DQG�R[\JHQ�FRQFHQWUDWLRQV�ZLOO�KDYH�LQFUHDVHG�HQRXJK�WKURXJKRXW
WKH�SUHYLRXVO\�DIIHFWHG�DUHD�WKDW�FRPSOHWH�UHFRYHU\�ZLOO�EH�SRVVLEOH��7KH�UDWH�RI�GHHS�ZDWHU�EHQWKLF�HFRV\VWHP
UHFRYHU\�ZLOO�GHSHQG�RQ�WKH�UDWH�RI�UHFUXLWPHQW�DQG�UHFRORQL]DWLRQ�E\�WKH�EHQWKLF�IDXQD�FKDUDFWHULVWLF�RI�WKH�DUHD�
%HFDXVH�VRPH�VSHFLHV�RI�GHHS�ZDWHU�EHQWKLF�DQLPDOV�UHSURGXFH�DQG�JURZ�VORZO\��FRPSOHWH�UHFRYHU\�PD\�UHTXLUH
PDQ\�\HDUV��+RZHYHU��HFRORJLFDO�VXFFHVVLRQ�WRZDUG�UHFRYHU\�LV�OLNHO\�WR�EHJLQ�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�FXWWLQJV
GLVFKDUJHV�DQG�ZLOO�EH�ZHOO�DGYDQFHG�ZLWKLQ�WKUHH�WR�ILYH�\HDUV�ZKHQ�WKH�V\QWKHWLF�PDWHULDO�ZLOO�KDYH�GHJUDGHG�WR
ORZ�FRQFHQWUDWLRQV�
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)LJXUH���������5HODWLRQVKLS�EHWZHHQ�ZDWHU�GHSWK�DQG�PD[LPXP�FRQFHQWUDWLRQV�RI�6%)
������EDVH�FKHPLFDO�LQ�VXUIDFH�VHGLPHQWV�QHDU�GULOOLQJ�SODWIRUPV�LQ�WKH�8.�6HFWRU�RI
������WKH�1RUWK�6HD���������������������������������������

)LJXUH���������$YHUDJH�FRQFHQWUDWLRQ�RI�HVWHU�LQ�VXUIDFH�VHGLPHQWV�DW�GLIIHUHQW�GLVWDQFHV�IURP
��������������������D��SODWIRUP�LQ�����P�RI�ZDWHU�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ���������������������

)LJXUH��������$YHUDJH�FRQFHQWUDWLRQV�RI�/$2�LQ�VXUIDFH�VHGLPHQWV�DW�GLIIHUHQW�GLVWDQFHV
�������������������IURP�D�SODWIRUP�LQ����P�RI�ZDWHU���6XUYH\���ZDV�LPPHGLDWHO\�DIWHU�GULOOLQJ�
�������������������6XUYH\���ZDV�D�\HDU�ODWHU�������������������������������������

)LJXUH��������$YHUDJH�FRQFHQWUDWLRQ�RI�3$2�LQ�VXUIDFH�VHGLPHQWV�DW�GLIIHUHQW�GLVWDQFHV
�������������������IURP�D�SODWIRUP�LQ����P�RI�ZDWHU�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�������������������

)LJXUH��������%LRGHJUDGDWLRQ�SDWKZD\V�RI�VHOHFWHG�6%)�EDVH�FKHPLFDOV�������������� ����

)LJXUH��������%LRGHJUDGDWLRQ�RI�6%)V�LQ�62$()'�WHVWV�DIWHU�����GD\V��������������� ����

)LJXUH��������+DOI�OLIH�RI�YDULRXV�6%)V�LQ�1,9$�VLPXODWHG�VHDEHG�VWXGLHV����������������������

)LJXUH��������5HODWLRQVKLS�EHWZHHQ�UHGR[�SRWHQWLDO�DQG�GLYHUVLW\�IRU�1,9$�VHDEHG�VLPXODWLRQ�VWXGLHV�����������

)LJXUH��������5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQ�RI�HVWHU�6%)�LQ�VHGLPHQWV�DQG�QXPEHUV
����������RI�WD[D�DQG�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�WKH
����������1RUWK�6HD�VKRUWO\�DIWHU�GULOOLQJ�����������������������������������

)LJXUH�������5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQ�RI�HVWHU�6%)�LQ�VHGLPHQWV�DQG�QXPEHUV
���������RI�WD[D�DQG�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�WKH
���������1RUWK�6HD���\HDU�DIWHU�GULOOLQJ����������������������������������

)LJXUH������5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQ�RI�OLQHDU�SDUDIILQ�LQ�VHGLPHQWV�DQG
������������������QXPEHUV�RI�WD[D�DQG�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�LQ�VHGLPHQWV�QHDU�D
������������������SODWIRUP�LQ�WKH�1RUWK�6HD�VKRUWO\�DIWHU�GULOOLQJ���������������������������

)LJXUH�����5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQ�RI�OLQHDU�SDUDIILQ�6%)�LQ�VHGLPHQWV
��������DQG�QXPEHUV�RI�WD[D�DQG�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�LQ�VHGLPHQWV�QHDU�D
��������SODWIRUP�LQ�WKH�1RUWK�6HD������������������������������������

)LJXUH�����5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQ�RI�3$2�EDVH�FKHPLFDO�LQ�VHGLPHQWV
�����������������DQG�QXPEHUV�RI�WD[D�DQG�LQGLYLGXDOV�LQ�VHGLPHQWV�QHDU�D�ZHOO�LQ�WKH
�����������������*XOI�RI�0H[LFR���\HDUV�DIWHU�GULOOLQJ����������������������������������

�������������������������������������������������������� [LLL
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7DEOH�����1DPHV�DQG�FKHPLFDO�VWUXFWXUHV�RI�VHYHUDO�V\QWKHWLF�EDVH�FKHPLFDOV��������������������

7DEOH�����7UDGH�QDPHV�DQG�6%)�EDVH�FKHPLFDO�FRPSRVLWLRQV�RI�VRPH�UHSUHVHQWDWLYH�6%)V�FXUUHQWO\
���������� DYDLODEOH�IURP�WKUHH�GULOOLQJ�PXG�VXSSOLHUV�IRU�RIIVKRUH�GULOOLQJ�LQ�WKH�8QLWHG�6WDWHV������������

7DEOH�����7\SLFDO�FRQFHQWUDWLRQ�UDQJHV�RI�WKH�PDMRU�DGGLWLYHV�LQ�6%)V�������������������������

7DEOH�����0DMRU�LQJUHGLHQWV�RI�D�W\SLFDO�3$2�GULOOLQJ�PXG��6%)��FRPSDUHG�WR�D�W\SLFDO�PLQHUDO�RLO
��������� �EDVHG�PXG��2%)���������������������������������������

7DEOH�����([DPSOHV�RI�VHYHUDO�HPXOVLILHUV�XVHG�LQ�6%)�V\VWHPV��������������������������

7DEOH�����&RPSDULVRQ�RI�WKH�FRQFHQWUDWLRQV�RI�PHWDOV�LQ�ZDWHU�EDVHG�GULOOLQJ�PXGV�DQG�LQ�D�W\SLFDO�RLO
EDVHG�GULOOLQJ�PXG���������������������������������������

7DEOH�����7KH�YLVFRVLW\�DQG�DURPDWLF�K\GURFDUERQ�FRQFHQWUDWLRQ�LQ�VHYHUDO�W\SHV�RI�2%)V
�DQG�6%)V��������������������������������������������

7DEOH�����5HWHQWLRQ�RI�6%)�EDVH�PDWHULDO�RQ�GULOO�FXWWLQJV�SURGXFHG�GXULQJ�RIIVKRUH�GULOOLQJ�LQ�WKH
*XOI�RI�0H[LFR�ZLWK�,2�DQG�3$2�EDVHG�V\QWKHWLF�GULOOLQJ�IOXLGV��������������������

7DEOH�����(VWLPDWHG�PDVVHV�RI�GULOO�FXWWLQJV�DQG�6%)V�GLVFKDUJHG�WR�WKH�RFHDQ�GXULQJ�GLVFKDUJH�RI
6%)�FXWWLQJV�IURP����ZHOOV�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD��������������������

7DEOH������&RQFHQWUDWLRQV�RI�RUJDQLF�FKHPLFDOV�LQ�YDSRUV�RYHU�GLIIHUHQW�W\SHV�RI�6%)�EDVH�FKHPLFDOV
���KHDWHG�WR����WR���q&�LQ�WKH�ODERUDWRU\�����������������������������

7DEOH������&RPSDULVRQ�RI�DYHUDJH�RUJDQLF�YDSRU�FRQFHQWUDWLRQV�LQ�ODERUDWRU\�DQG�ILHOG�VWXGLHV�RI
���HYDSRUDWLRQ�IURP�2%)V��:%)V��DQG�6%)V�������������������������

7DEOH������6XPPDU\�RI�ILHOG�VWXGLHV�RI�WKH�IDWHV�DQG�HIIHFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�WR�WKH�RFHDQ��������

7DEOH������'LPHQVLRQV�RI�6%)�FXWWLQJV�SLOHV�QHDU����VLQJOH�ZHOO�SODWIRUPV�GULOOHG�ZLWK�6%)V�LQ�WKH
���8.�6HFWRU�RI�WKH�1RUWK�6HD���������������������������������

7DEOH������&RQFHQWUDWLRQV�RI�3HWURIUHH�/(������/$2�DQG�����HVWHU��PHDVXUHG�DV�73+�E\�JDV
���FKURPDWRJUDSK\�LQ�VHGLPHQWV�QHDU�WKH�3RPSDQR�3KDVH�,,�VXEVHD�WHPSODWH�LQ�����P�RI�ZDWHU
���RII�/RXLVLDQD�����������������������������������������

7DEOH������&RQFHQWUDWLRQV�RI�WRWDO�SHWUROHXP�K\GURFDUERQV��XVHG�DV�D�PDUNHU�RI�6%)��DQG�EDULXP�LQ
���VXUIDFH�VHGLPHQWV�DURXQG�D�GULOOLQJ�ULJ�LQ�����P�RI�ZDWHU�LQ�WKH�*XOI�RI�0H[LFR���GD\V�
�����PRQWKV��DQG����PRQWKV�DIWHU�GULOOLQJ�D�ZHOO�ZLWK�3$2�6%)����������������������

7DEOH������6XPPDU\�RI�6%)V�XVHG�WR�GULOO�WKH����ZHOOV�PRQLWRUHG�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD����������

7DEOH������$YHUDJH�DQG�PD[LPXP�FRQFHQWUDWLRQV�RI�6%)V�RI�GLIIHUHQW�W\SHV�LQ�VHGLPHQWV�ZLWKLQ�����P�RI
���ZHOOV�GULOOHG�ZLWK�6%)V�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD��������������������

7DEOH������&RQFHQWUDWLRQV�RI�(VWHU�6%)�DW�GLIIHUHQW�GHSWKV�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�����P�RI
���ZDWHU�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��<HDU����D�ZHOO�DQG�GLVFKDUJH�RI�������PHWULF�WRQV
���RI�FXWWLQJV�DQG�����WRQV�RI�HVWHU�6%)��DQG�WHQ�PRQWKV�ODWHU��<HDU��������������������
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7DEOH������&RQFHQWUDWLRQV�RI�/$2�6%)�DW�GLIIHUHQW�GHSWKV�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�����P�RI
���ZDWHU�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�RI�D�ZHOO�DQG�GLVFKDUJH�RI�����PHWULF�WRQV�RI
���FXWWLQJV�FRQWDLQLQJ�����WRQV�RI�/$2�6%)���������������������������

7DEOH������&RQFHQWUDWLRQV�RI�HVWHU�DW�GLIIHUHQW�GHSWKV�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�����P�RI�ZDWHU
������PRQWKV�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�RI�D�ZHOO�DQG�GLVFKDUJH�RI�������PHWULF�WRQV�RI�FXWWLQJV
���DQG����WRQV�RI�HVWHU�6%)������������������������������������

7DEOH������5HODWLRQVKLS�EHWZHHQ�ZDWHU�GHSWK��PDVV�RI�FXWWLQJV�GLVFKDUJHG��DQG�6%)�W\SH�DQG�GLVWDQFH
���WR�PD[LPXP�6%)�FRQFHQWUDWLRQ�LQ�VHGLPHQWV�DQG�PD[LPXP�GLVWDQFH�WR�QRQWR[LF
����������PJ�NJ��6%)�FRQFHQWUDWLRQ�LQ�VHGLPHQWV��������������������������

7DEOH������$HURELF�ELRGHJUDGDWLRQ��SHUFHQW�RI�WKHRUHWLFDO�R[\JHQ�GHPDQG��7K2'��RI�DFHWDO�6%)�EDVH
��FKHPLFDO�LQ�VHYHUDO�ELRGHJUDGDWLRQ�WHVWV�DW�VHYHUDO�LQLWLDO�FRQFHQWUDWLRQV������������������

7DEOH������%LRGHJUDGDWLRQ�UDWH��PHDVXUHG�DV�WKH�SHUFHQW�UHGXFWLRQ�LQ�FRQFHQWUDWLRQ��RI�VHYHUDO�6%)
���EDVH�FKHPLFDOV�EDVHG�RQ�GLIIHUHQW�ELRGHJUDGDWLRQ�WHVW�SURWRFROV������������������

7DEOH������$QDHURELF�ELRGHJUDGDWLRQ�UDWHV�RI�VHYHUDO�6%)�DQG�2%)�EDVH�FKHPLFDOV�DQG�SRVVLEOH�6%)
��GHJUDGDWLRQ�SURGXFWV�DV�PHDVXUHG�ZLWK�WKH�,62�',6�������DQDHURELF�ELRGHJUDGDWLRQ�WHVW��������

7DEOH������5DWHV�RI�ORVV��ELRGHJUDGDWLRQ�SOXV�ZDVKRXW��RI�HVWHU�DQG�,2�6%)�EDVH�FKHPLFDOV�LQ�D
���PRGLILHG�62$()'�VROLG�SKDVH�WHVW��3HUFHQW�ORVV�LQ����GD\V�DQG�KDOI�OLIH��GD\V��DUH�JLYHQ�����������

7DEOH������3HUFHQW�GHJUDGDWLRQ�DIWHU�����GD\V�DQG�KDOI�OLIH��GD\V��RI�HVWHU�6%)�EDVH�FKHPLFDO�GHWHUPLQHG
���ZLWK�WKH�62$()'�VROLG�SKDVH�ELRGHJUDGDWLRQ�WHVW�DW�DPELHQW�VHDZDWHU�WHPSHUDWXUHV����WR���q&�������

7DEOH������3HUFHQW�GHJUDGDWLRQ�DIWHU�����GD\V�DQG�KDOI�OLIH��GD\V��RI�HVWHU�6%)�EDVH�FKHPLFDO�DW�GLIIHUHQW
���WHPSHUDWXUHV�GHWHUPLQHG�ZLWK�WKH�62$()'�VROLG�SKDVH�ELRGHJUDGDWLRQ�WHVW������������������

7DEOH������6XPPDU\�RI�UHVXOWV�RI�ILYH�1,9$�VLPXODWHG�VHDEHG�6%)�ELRGHJUDGDWLRQ�VWXGLHV��������������

7DEOH������$YHUDJH�KDOI�OLYHV�RI�6%)�FXWWLQJV�LQ�VLPXODWHG�VHDEHG�FKDPEHUV�FRQWDLQLQJ�LQWDFW�VHGLPHQWV
��DQG�EHQWKLF�FRPPXQLWLHV�GXULQJ�D�����GD\�LQFXEDWLRQ����������������������

7DEOH������(IIHFW�RI�6%)�FRQFHQWUDWLRQ�LQ�1,9$�VLPXODWHG�VHDEHG�ELRGHJUDGDWLRQ�WHVW�FKDPEHUV
���RQ�WKH�KDOI�OLIH�RI�WKH�V\QWKHWLF�EDVH�FKHPLFDO����������������������������

7DEOH������(IIHFWV�RI�6%)�FXWWLQJV�OD\HUHG������WR�����PP��RQ�QDWXUDO�VHGLPHQWV�LQ�1,9$�VLPXODWHG
��VHDEHG�FKDPEHUV�RQ�FKDUDFWHULVWLFV�RI�EHQWKLF�FRPPXQLWLHV�DIWHU�����GD\V����������������

7DEOH������(IIHFW�RI�LQFXEDWLRQ�WHPSHUDWXUH�RQ�WKH�ELRGHJUDGDWLRQ�RI�HVWHU�DQG�/$2�FXWWLQJV�LQ
��VHGLPHQWV�IURP�QRUWKHUQ������q&��DQG�VRXWKHUQ�����q&��1RUZD\��������������������

7DEOH������7R[LFLW\�WHVW�UHTXLUHPHQWV�IRU�6%)V�LQ�1RUWK�6HD�FRXQWULHV���������������������

7DEOH������7KH����KRXU�PHGLDQ�OHWKDO�FRQFHQWUDWLRQ��/&����RI��WKH�VXVSHQGHG�SDUWLFXODWH�SKDVH��633�
RI�VHYHUDO�6%)V�WR�P\VLGV��$PHULFDP\VLV��0\VLGRSVLV��EDKLD����������������������

[YL
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7DEOH������$FXWH�WR[LFLW\�WR�P\VLGV�$PHULFDP\VLV��0\VLGRSVLV��EDKLD�RI�WKH�VXVSHQGHG�SDUWLFXODWH
�SKDVH��633��RI�VHYHUDO�6%)�EDVH�FKHPLFDOV�RU�FKHPLFDO�LQWHUPHGLDWHV�����������������

7DEOH������$FXWH�WR[LFLW\�RI�XQXVHG�6%)V�DQG�6%)�EDVH�FKHPLFDOV�WR�WKH�PLFURDOJD�6NHOHWRQHPD
FRVWDWXP�DQG�WKH�FRSHSRG�$FDUWLD�WRQVD�LQ�ZDWHU�FROXPQ�WR[LFLW\�WHVWV�SHUIRUPHG�DFFRUGLQJ
WR�1RUWK�6HD�SURWRFROV������������������������������������

7DEOH������$FXWH�7R[LFLW\�RI�DQ�XQXVHG�ODERUDWRU\�3$2�6%)�DQG�D�XVHG�ILHOG�3$2�6%)�WR�WKUHH
VSHFLHV�RI�PDULQH�RUJDQLVPV��������������������������������

7DEOH������0HDQ�/&��V�RI�RLOV�DQG�6%)�EDVH�FKHPLFDOV�LQ�VHGLPHQWV�IRU�WKH�PDULQH�DPSKLSRGV
�$PSHOLVFD�DEGLGD�DQG�&RURSKLXP�YROXWDWRU�LQ�VWDQGDUG����GD\�VHGLPHQW�WR[LFLW\�WHVWV
�$670�(����������������������������������������������

7DEOH������$FXWH�WR[LFLW\�DV�/&���RI�6%)�EDVH�FKHPLFDOV�DQG�ZKROH�IUHVK��XQXVHG��6%)V�WR�WKH
DPSKLSRG�&RURSKLXP�YROXWDWRU�DQG�WKH�ELYDOYH�PROOXVN�$EUD�DOED��EDVHG�RQ�VHGLPHQW
WR[LFLW\�WHVWV�SHUIRUPHG�DFFRUGLQJ�WR�1RUWK�6HD�SURWRFROV����������������������

7DEOH������0HDVXUHG�RU�HVWLPDWHG�YDOXHV�IRU�ORJ�RFWDQRO�ZDWHU�SDUWLWLRQ�FRHIILFLHQW��ORJ�.RZ��RI
VHYHUDO�6%)�EDVH�FKHPLFDOV���������������������������������

7DEOH������(VWHU�FRQFHQWUDWLRQV�DQG�EHQWKLF�FRPPXQLW\�FKDUDFWHULVWLFV�QHDU�WKH�8OD�:HOO��������LQ
WKH�1RUZHJLDQ�6HFWRU�RI�WKH�1RUWK�6HD������������������������������

7DEOH������3$2�DQG�EDULXP�FRQFHQWUDWLRQV�DQG�EHQWKLF�LQIDXQDO�SDUDPHWHUV�LQ�VHGLPHQWV�QHDU�D�ZHOO
VLWH�LQ����P�RI�ZDWHU���\HDUV�DIWHU�GLVFKDUJH�RI�����EDUUHOV�RI�3$2�63)�����������������

7DEOH������&RQFHQWUDWLRQV�RI�/$2�HVWHU�6%)��EHQWKLF�PDFURIDXQD��DQG�GHPHUVDO�PHJDIDXQD
��PRVWO\�ILVK��DORQJ�IRXU�WUDQVHFWV�H[WHQGLQJ�WR����P�IURP�D�GULOOLQJ�WHPSODWH�LQ�����P
RI�ZDWHU�LQ�WKH�*XOI�RI�0H[LFR����������������������������������

[YLL
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6\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��6%)V��DUH�D�UHODWLYHO\�QHZ�FODVV�RI�GULOOLQJ�PXGV�WKDW�DUH�SDUWLFXODUO\�XVHIXO�IRU
GHHSZDWHU�DQG�GHYLDWHG�KROH�GULOOLQJ��7KH\�ZHUH�GHYHORSHG�WR�SURYLGH�DQ�HQYLURQPHQWDOO\�VXSHULRU�DOWHUQDWLYH�WR�RLO
EDVHG�GULOOLQJ�IOXLGV��2%)V����$OWKRXJK�WKH�WHFKQLFDO�DQG�HFRQRPLF�EHQHILWV�RI�XVLQJ�WKHVH�IOXLGV�LQ�WKH�GHHSZDWHU
*XOI�RI�0H[LFR�DUH�FOHDU��WKH�HQYLURQPHQWDO�LPSDFWV�RI�GLVFKDUJHG�GULOO�FXWWLQJV�SURGXFHG�GXULQJ�XVH�RI�6%)V�DUH
QRW�ZHOO�XQGHUVWRRG�

7KH�8�6��0LQHUDOV�0DQDJHPHQW�6HUYLFH��006��KDV�WKH�UHVSRQVLELOLW\�RI�HQVXULQJ�WKDW�8�6��GHHSZDWHU�RLO�DQG�JDV
UHVHUYHV�DUH�GHYHORSHG�VDIHO\�DQG�ZLWK�D�PLQLPXP�RI�HQYLURQPHQWDO�LPSDFW��7KHUHIRUH��006�KDV�D�VSHFLDO�LQWHUHVW
LQ�WKH�HQYLURQPHQWDO�EHKDYLRU�RI�6%)V��$V�D�UHVXOW��006�KDV�FRPPLVVLRQHG�WKLV�UHYLHZ�RI�H[LVWLQJ�GDWD�RQ�WKH
HQYLURQPHQWDO�HIIHFWV�DVVRFLDWHG�ZLWK�GLVFKDUJHV�RI�6%)�FXWWLQJV�IURP�RIIVKRUH�GULOOLQJ�ORFDWLRQV���7KLV�UHYLHZ
VXPPDUL]HV�LQIRUPDWLRQ�SXEOLVKHG�LQ�WKH�VFLHQWLILF�OLWHUDWXUH�DV�ZHOO�DV�UHSRUWV�SHUIRUPHG�IRU�RLO�DQG�GULOOLQJ�IOXLG
FRPSDQLHV��LQGXVWU\�DVVRFLDWLRQV��DQG�JRYHUQPHQW�DJHQFLHV��7KH�DYDLODEOH�LQIRUPDWLRQ�KDV�EHHQ�LQFRUSRUDWHG�LQWR�DQ
HFRORJLFDO�ULVN�DVVHVVPHQW�IUDPHZRUN�IRU�XVH�E\�WKH�006�

�����%$&.*5281'
�����2IIVKRUH�'ULOOLQJ

'ULOOLQJ�IOXLGV�RU�GULOOLQJ�PXGV�DUH�DQ�HVVHQWLDO�FRPSRQHQW�RI�WKH�URWDU\�GULOOLQJ�SURFHVV�XVHG�WR�GULOO�IRU�RLO�DQG�JDV
RQ�ODQG�DQG�LQ�RIIVKRUH�HQYLURQPHQWV��7KH�PRVW�LPSRUWDQW�IXQFWLRQV�RI�GULOOLQJ�IOXLGV�DUH�WR�WUDQVSRUW�FXWWLQJV�WR�WKH
VXUIDFH��WR�EDODQFH�VXEVXUIDFH�DQG�IRUPDWLRQ�SUHVVXUHV�SUHYHQWLQJ�D�EORZRXW��DQG�WR�FRRO��OXEULFDWH��DQG�VXSSRUW�SDUW
RI�WKH�ZHLJKW�RI�WKH�GULOO�ELW�DQG�GULOO�SLSH��1HII�HW�DO��������'DUOH\�DQG�*UD\��������'XULQJ�GULOOLQJ��WKH�GULOOLQJ
IOXLG�LV�SXPSHG�IURP�WKH�PXG�WDQNV�GRZQ�WKH�KROORZ�GULOO�SLSH�DQG�WKURXJK�QR]]OHV�LQ�WKH�GULOO�ELW���7KH�IORZLQJ
PXG�VZHHSV�WKH�FUXVKHG�URFN�FXWWLQJV�IURP�EHQHDWK�WKH�ELW�DQG�FDUULHV�WKHP�EDFN�XS�WKH�DQQXODU�VSDFH�EHWZHHQ�WKH
GULOO�SLSH�DQG�WKH�ERUHKROH�RU�FDVLQJ�WR�WKH�VXUIDFH���7KH�PXG�LV�WKHQ�SDVVHG�WKURXJK�VROLGV�FRQWURO�HTXLSPHQW��DQ
LQWHJUDWHG�V\VWHP�RI�VKDOH�VKDNHU�VFUHHQV�DQG�K\GURF\FORQHV��WR�UHPRYH�WKH�FXWWLQJV���,W�LV�WKHQ�FLUFXODWHG�EDFN�WR
WKH�PXG�WDQNV�ZKHUH�WKH�F\FOH�LV�UHSHDWHG�

'ULOO�FXWWLQJV�DUH�SDUWLFOHV�RI�FUXVKHG�URFN�SURGXFHG�E\�WKH�JULQGLQJ�DFWLRQ�RI�WKH�GULOO�ELW�DV�LW�SHQHWUDWHV�LQWR�WKH
HDUWK��1HII�HW�DO���������'ULOO�FXWWLQJV�UDQJH�LQ�VL]H�IURP�FOD\�VL]HG�SDUWLFOHV�WR�FRDUVH�JUDYHO�DQG�KDYH�DQ�DQJXODU
FRQILJXUDWLRQ��7KHLU�FKHPLVWU\�DQG�PLQHUDORJ\�UHIOHFW�WKDW�RI�WKH�JHRORJLF�VWUDWD�EHLQJ�SHQHWUDWHG�E\�WKH�GULOO��'ULOO
FXWWLQJV�FRQWDLQ�VPDOO�DPRXQWV�RI�OLTXLG�DQG�VROLG�GULOOLQJ�IOXLG�FRPSRQHQWV��LQ�DGGLWLRQ�WR�IRUPDWLRQ�VROLGV��6%)
FXWWLQJV�GLVFKDUJHG�RIIVKRUH�LQ�WKH�*XOI�RI�0H[LFR�FRQWDLQ�DQ�DYHUDJH�RI����r�����ZHLJKW�SHUFHQW�DGKHULQJ�6%)�EDVH
FKHPLFDO��$QQLV���������$OWKRXJK�WKH�GULOO�FXWWLQJV�WKHPVHOYHV�DUH�FRQVLGHUHG�WR[LFRORJLFDOO\�LQHUW��WKHUH�LV�FRQFHUQ
WKDW�DQ\�DGKHULQJ�GULOOLQJ�IOXLG�LQJUHGLHQWV�PD\�EH�WR[LF��SDUWLFXODUO\�LI�WKH�FXWWLQJV�DUH�SURGXFHG�GXULQJ�GULOOLQJ�ZLWK
2%)V�RU�6%)V�

�����'ULOOLQJ�)OXLGV

2YHU�WKH�ORQJ�KLVWRU\�RI�RIIVKRUH�GHYHORSPHQW�RI�RLO�DQG�JDV�UHVRXUFHV��D�ODUJH�QXPEHU�RI�GLIIHUHQW�FKHPLFDO
IRUPXODWLRQV�RI�GULOOLQJ�IOXLGV�KDYH�EHHQ�XVHG���7KH�GLIIHUHQW�W\SHV�RI�GULOOLQJ�IOXLGV�FDQ�EH�VHSDUDWHG�LQWR�WZR�EDVLF
W\SHV��ZDWHU�EDVHG�IOXLGV��:%)V��DQG�QRQ�DTXHRXV�EDVHG�IOXLGV��1$%)V����:%)V��XVHG�LQ�PRVW�RIIVKRUH�GULOOLQJ
RSHUDWLRQV�LQ�8�6��ZDWHUV��FRQVLVW�RI�ZDWHU��IUHVK�RU�VDOW���EDULWH��FOD\��FDXVWLF�VRGD��OLJQLWH��OLJQRVXOIRQDWHV�DQG�RU
ZDWHU�VROXEOH�SRO\PHUV���:%)V�PD\�DOVR�FRQWDLQ�ORZ�FRQFHQWUDWLRQV�RI�VSHFLDOW\�FKHPLFDOV�DGGHG�WR�VROYH�VRPH
SDUWLFXODU�SUREOHP�WKDW�LV�DIIHFWLQJ�PXG�SURSHUWLHV��H�J��WULEXWO\SKRVSKDWH�WR�FRQWURO�IRDPLQJ��DPPRQLXP�ELVXOILWH�WR
UHPRYH�R[\JHQ��VRGLXP�ELFDUERQDWH�WR�UHPRYH�H[FHVV�FDOFLXP�LRQV���'LHVHO�IXHO��PLQHUDO�RLO��RU�DQRWKHU�LQVROXEOH
RUJDQLF�OLTXLG�PD\�EH�DGGHG�WR�D�:%)�DW�D�FRQFHQWUDWLRQ�RI�D�IHZ�SHUFHQW�WR�LPSURYH�WKH�OXEULFLW\�RI�WKH�PXG�LQ
GLIILFXOW�IRUPDWLRQV��7KH�RLO�LV�GLVSHUVHG�LQ�WKH�ZDWHU�SKDVH�DQG�WKH�FXWWLQJV�UHPDLQ�ZDWHU�ZHW��+XGJLQV��������7KH
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FRPSRVLWLRQV��HQYLURQPHQWDO�IDWHV��DQG�WR[LFRORJLFDO�DQG�HFRORJLFDO�HIIHFWV�LQ�WKH�PDULQH�HQYLURQPHQW�RI�:%)V
KDYH�EHHQ�VWXGLHG�LQ�JUHDW�GHWDLO��SDUWLFXODUO\�LQ�WKH8�6��7KH�UHVXOWV�RI�WKHVH�VWXGLHV�DUH�WKH�WRSLF�RI�VHYHUDO�UHYLHZV
�1DWLRQDO�5HVHDUFK�&RXQFLO�������1HII�������1HII�HW�DO��������+LQZRRG�HW�DO��������

,Q�1$%)V��WKH�FRQWLQXRXV�SKDVH�LV�D�OLTXLG�K\GURFDUERQ�PL[WXUH�RU�RWKHU�LQVROXEOH�RUJDQLF�FKHPLFDO��1$%)V�DOVR
FRQWDLQ�EDULWH��FOD\V��HPXOVLILHUV��ZDWHU��FDOFLXP�FKORULGH��OLJQLWH��DQG�OLPH��:DWHU�RU�D�VDOLQH�EULQH��XVXDOO\
FRQWDLQLQJ�&D&O����DW�D�FRQFHQWUDWLRQ�RI����WR����SHUFHQW��LV�GLVSHUVHG�LQWR�WKH�K\GURFDUERQ�SKDVH�WR�IRUP�D�ZDWHU�LQ�
RUJDQLF�SKDVH�HPXOVLRQ�ZLWK�ZDWHU�GURSOHWV�OHVV�WKDQ���PP�LQ�GLDPHWHU��+XGJLQV�������1RUZHJLDQ�2LO�,QGXVWU\
$VVRFLDWLRQ�:RUNLQJ�*URXS��������7KLV�HPXOVLRQ�LV�FDOOHG�DQ�LQYHUW�HPXOVLRQ�EHFDXVH�ZDWHU�LV�GLVSHUVHG�LQ�WKH
RUJDQLF�SKDVH��DQG�IRUPDWLRQ�VROLGV�WKDW�FRPH�LQ�FRQWDFW�ZLWK�WKH�1$%)�EHFRPH�RLO�ZHW��1$%)V�DUH�PRUH
H[SHQVLYH�WKDQ�:%)V��KRZHYHU��WKH\�PD\�EH�XVHG�LQ�GLIILFXOW�GULOOLQJ�VLWXDWLRQV�ZKHUH�WKHLU�WHFKQLFDO�DGYDQWDJHV�DUH
UHTXLUHG��1$%)V�DUH�XVHG�IUHTXHQWO\�WR��1RUZHJLDQ�2LO�,QGXVWU\�$VVRFLDWLRQ�:RUNLQJ�*URXS�������

x� GULOO�WURXEOHVRPH��K\GUDWDEOH�VKDOHV�
x� GULOO�GHHS��KRW�ZHOOV�ZKHUH�:%)V�PLJKW�EH�XQVWDEOH�
x� GULOO�VDOW��DQK\GULWH��J\SVXP��DQG�PL[HG�VDOW�]RQHV�
x� GULOO�DQG�FRUH�K\GURFDUERQ�EHDULQJ�IRUPDWLRQV�QHDU�WKH�ERWWRP�RI�ZHOOV�
x� GULOO�WKURXJK�K\GURJHQ�VXOILGH��+�6��DQG�FDUERQ�GLR[LGH��&2���FRQWDLQLQJ�IRUPDWLRQV�
x� LQFUHDVH�OXEULFLW\�WR�GHFUHDVH�WRUTXH�DQG�GUDJ�ZKHQ�GULOOLQJ�D�GLUHFWLRQDO�ZHOO�
x� PLQLPL]H�WKH�OLNHOLKRRG�RI�GLIIHUHQWLDO�VWLFNLQJ�RI�WKH�GULOO�SLSH�LQ�WKH�KROH�
x� VHUYH�DV�D�SDFNHU�IOXLG�IRU�FRUURVLRQ�FRQWURO��DQG
x� VHUYH�DV�D�ZRUNRYHU�IOXLG�ZKHUH�ZDWHU�PLJKW�GDPDJH�WKH�IRUPDWLRQ�

7KHUH�DUH�WKUHH�W\SHV�RI�1$%)V��EDVHG�RQ�WKH�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�EDVH�IOXLG�LQ�WKH�PXG��7KHVH�DUH�RLO�
EDVHG�IOXLGV��2%)V���HQKDQFHG�PLQHUDO�RLO�EDVHG�IOXLGV��(02%)V���DQG�V\QWKHWLF�EDVHG�IOXLGV��6%)V���2%)V�FRQWDLQ
GLHVHO�IXHO�RU�FRQYHQWLRQDO�PLQHUDO�RLO�DV�WKH�FRQWLQXRXV�SKDVH���7KH\�DUH�WKH�OHDVW�H[SHQVLYH�1$%)V�DQG�ZHUH�WKH
RQO\�RQHV�LQ�XVH�XQWLO�WKH�ODWH�����V��0LQHUDO�RLOV�ZHUH�GHYHORSHG�DV�ORZ�WR[LFLW\�UHSODFHPHQWV�IRU�GLHVHO�IXHO�LQ�WKH
2%)�LQ�DQ�DWWHPSW�WR�UHGXFH�WKH�HQYLURQPHQWDO�LPSDFWV�RI�GLVFKDUJH�RI�2%)�FRQWDPLQDWHG�GULOO�FXWWLQJV��'LFNV�HW
DO������������2%)V�KDYH�EHHQ�XVHG�H[WHQVLYHO\�LQ�WKH�1RUWK�6HD��LQ�&DQDGLDQ�RIIVKRUH�ZDWHUV��DQG�LQ�VHYHUDO�RWKHU
RIIVKRUH�GHYHORSPHQW�DUHDV�LQ�WKH�ZRUOG��&XWWLQJV�FRQWDLQLQJ�DGVRUEHG�2%)V�ZHUH�URXWLQHO\�GLVFKDUJHG�WR�RIIVKRUH
ZDWHUV�RI�WKH�1RUWK�6HD�XQWLO�WKH�HDUO\�����V�ZKHQ�VXFK�GLVFKDUJHV�ZHUH�VHYHUHO\�UHVWULFWHG��)RU�H[DPSOH��LQ�WKH�8.
6HFWRU�RI�WKH�1RUWK�6HD�����SHUFHQW�RI�WKH�����ZHOOV�GULOOHG�LQ������ZHUH�GULOOHG�ZLWK�2%)V��UHVXOWLQJ�LQ�WKH
GLVFKDUJH�RI�DQ�HVWLPDWHG��������PHWULF�WRQV�RI�RLO�WR�WKH�RFHDQ��0XQUR�HW�DO�����E���,Q�������OHVV�WKDQ����SHUFHQW�RI
����ZHOOV�ZHUH�GULOOHG�ZLWK�2%)V��7KH�HQYLURQPHQWDO�HIIHFWV�RI�2%)�FXWWLQJV�EHLQJ�GLVFKDUJHG�LQ�WKH�1RUWK�6HD
KDYH�EHHQ�WKRURXJKO\�VWXGLHG��'DYLHV�HW�DO��������.LQJVWRQ������������2OVJDUG�DQG�*UD\�������

(02%)V�FRQWDLQ�DQ�HQKDQFHG�PLQHUDO�RLO�DV�WKH�FRQWLQXRXV�SKDVH��(QKDQFHG�PLQHUDO�RLOV�DUH�FRQYHQWLRQDO
SDUDIILQLF�PLQHUDO�RLOV�WKDW�KDYH�EHHQ�K\GURWUHDWHG�RU�RWKHUZLVH�SXULILHG�WR�UHPRYH�DOO�DURPDWLF�K\GURFDUERQV�
(QKDQFHG�PLQHUDO�RLOV�JHQHUDOO\�FRQWDLQ�OHVV�WKDQ�DERXW������SHUFHQW�WRWDO�DURPDWLF�K\GURFDUERQV�DQG�OHVV�WKDQ
������ZHLJKW�SHUFHQW�WRWDO�SRO\F\FOLF�DURPDWLF�K\GURFDUERQV��-DFTXHV�HW�DO��������0HLQKROG��������2QH�RI�WKH
HQKDQFHG�PLQHUDO�RLOV�HYDOXDWHG�E\�-DFTXHV�HW�DO���������FRQWDLQHG�OHVV�WKDQ���PJ�/�EHQ]HQH��$URPDWLF
K\GURFDUERQV��LQFOXGLQJ�SRO\F\FOLF�DURPDWLF�K\GURFDUERQV��DUH�FRQVLGHUHG�WR�EH�WKH�PRVW�WR[LF�FRPSRQHQWV�RI
2%)V��$OWKRXJK�(02%)V�DUH�OHVV�WR[LF�WKDQ�2%)V��(3$�GRHV�QRW�SHUPLW�WKH�GLVFKDUJH�RI�(02%)�FXWWLQJV�WR�8�6�
WHUULWRULDO�ZDWHUV�

7KH�EDVH�IOXLG�RU�FRQWLQXRXV�SKDVH�RI�DQ�6%)�LV�D�ZDWHU�LQVROXEOH�V\QWKHWLF�RUJDQLF�PDWHULDO��7KH�(3$��(3$������
GHILQHV�D��V\QWKHWLF�PDWHULDO���DV�DSSOLHG�WR�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��DV�

¦$�PDWHULDO�SURGXFHG�E\�WKH�UHDFWLRQ�RI�D�VSHFLILF�SXULILHG�FKHPLFDO�IHHGVWRFN��DV�RSSRVHG�WR�WKH
WUDGLWLRQDO�EDVH�IOXLGV�VXFK�DV�GLHVHO�DQG�PLQHUDO�RLO�ZKLFK�DUH�GHULYHG�IURP�FUXGH�RLO�VROHO\�WKURXJK
SK\VLFDO�VHSDUDWLRQ�SURFHVVHV��3K\VLFDO�VHSDUDWLRQ�SURFHVVHV�LQFOXGH�IUDFWLRQDWLRQ�DQG�GLVWLOODWLRQ
DQG�RU�PLQRU�FKHPLFDO�UHDFWLRQV�VXFK�DV�FUDFNLQJ�DQG�K\GUR�SURFHVVLQJ��6LQFH�WKH\�DUH�V\QWKHVL]HG�E\
WKH�UHDFWLRQ�RI�SXULILHG�FRPSRXQGV��V\QWKHWLF�PDWHULDOV�VXLWDEOH�IRU�XVH�LQ�GULOOLQJ�IOXLGV�DUH�W\SLFDOO\�IUHH
RI�SRO\F\FOLF�DURPDWLF�K\GURFDUERQV��3$+V��EXW�WHVWV�VRPHWLPHV�UHSRUW�OHYHOV�RI�3$+�XS�WR�������ZHLJKW
SHUFHQW�3$+�H[SUHVVHG�DV�SKHQDQWKUHQH�§



�

7KH�1RUZHJLDQ�UHJXODWRU\�DXWKRULW\�GHILQHV�D�6%)�DV��1RUZD\�������

¦$�GULOOLQJ�IOXLG�ZKHUH�WKH�EDVH�IOXLG�FRQVLVWV�RI�QRQ�ZDWHU�VROXEOH�RUJDQLF�FRPSRXQGV�DQG�ZKHUH�QHLWKHU
WKH�EDVH�IOXLG�QRU�WKH�DGGLWLYHV�DUH�RI�SHWUROHXP�RULJLQ�§

'XULQJ�GULOOLQJ�ZLWK�:%)V��ERWK�FXWWLQJV�DQG�PXG�PD\�EH�GLVFKDUJHG�WR�WKH�VHD��2Q�WKH�RWKHU�KDQG��GLVFKDUJH�RI
2%)V�DQG�:%)V�FRQWDLQLQJ�IUHH�RLO�DQG�WKH�DVVRFLDWHG�FXWWLQJV�LV�SURKLELWHG�LQ�8�6��RIIVKRUH�ZDWHUV��$V�D�UHVXOW�
ZKHQ�WKH�UHODWLYHO\�H[SHQVLYH�2%)V�DUH�XVHG�LQ�8�6��ZDWHUV��WKH\�DUH�WDNHQ�DVKRUH�DIWHU�ZHOO�FRPSOHWLRQ�DQG
UHVWRUHG�IRU�IXWXUH�XVH��7KH�FXWWLQJV�XVXDOO\�DUH�WUDQVSRUWHG�WR�DQ�RQVKRUH�GLVSRVDO�VLWH��LQ�VRPH�VLWXDWLRQV��LW�LV
SRVVLEOH�WR�VXVSHQG�WKH�FXWWLQJV�LQ�ZDWHU�DQG�LQMHFW�WKHP�GRZQ�D�GLVSRVDO�ZHOO�

2%)V�ZHUH�XVHG�IRU�PRUH�WKDQ����\HDUV�LQ�WKH�1RUWK�6HD��DQG�WKH�FXWWLQJV�ZHUH�IUHTXHQWO\�GLVFKDUJHG�WR�WKH
HQYLURQPHQW��,Q�������WKH�3DULV�&RPPLVVLRQ�VHW�GRZQ�PD[LPXP�GLVFKDUJH�OHYHOV�RI����SHUFHQW�PLQHUDO�RLO�RQ�
FXWWLQJV��ZLWK�D�IXUWKHU�VWLSXODWLRQ�RI�D���SHUFHQW�WKUHVKROG�IRU�DOO�1RUWK�6HD�GULOOLQJ�RSHUDWLRQV�DIWHU�-DQXDU\�����
�0XQUR�HW�DO������F���7KH���SHUFHQW�RLO�RQ�FXWWLQJV�WKUHVKROG�LV�QRW�HFRQRPLFDOO\�DWWDLQDEOH�ZLWK�FXUUHQW�WHFKQRORJ\�
FRQVHTXHQWO\��WKH�RLO�DQG�JDV�LQGXVWU\�KDV�GHYHORSHG�PRUH�HQYLURQPHQWDOO\�DFFHSWDEOH�DOWHUQDWLYH�GULOOLQJ�IOXLGV�WKDW
UHWDLQ�WKH�IDYRUDEOH�GULOOLQJ�SURSHUWLHV�RI�2%)V�

7KH�QHHG�WR�GULOO�LQFUHDVLQJO\�GLIILFXOW�GHYLDWHG�DQG�GHHS�ZDWHU�ZHOOV��FRXSOHG�ZLWK�WKH�GHVLUH�WR�GLVFKDUJH�FXWWLQJV�
OHG�WR�WKH�GHYHORSPHQW�RI�6%)V��6%)V�DUH�GHVLJQHG�WR�EH�OHVV�WR[LF�DQG�GHJUDGH�IDVWHU�WKDQ�2%)V��DQG�WKH\�\LHOG
PXG�V\VWHPV�VLPLODU�WR�2%)V�LQ�GULOOLQJ�SHUIRUPDQFH��)ULHGKHLP�DQG�&RQQ��������)XUWKHUPRUH��V\QWKHWLFV�KDYH
FHUWDLQ�WHFKQLFDO�DQG�KXPDQ�KHDOWK�DGYDQWDJHV�RYHU�PRVW�PLQHUDO�RLOV�DQG�GLHVHO�IXHO���)RU�H[DPSOH��WKH\�DUH�OHVV
YRODWLOH�WKDQ�2%)V�DQG�WKHLU�YDSRUV�DUH�IUHH�RI�DURPDWLF�FRPSRXQGV��&DQGOHU��HW�DO����������7KXV��WKH�XVH�RI�6%)V
FDQ�UHGXFH�YDSRU�LQKDODWLRQ�E\�ZRUNHUV�LQ�FORVHG��SRRUO\�YHQWLODWHG�DUHDV�RQ�WKH�GULOOLQJ�SODWIRUP�

$Q�6%)�ZDV�XVHG�IRU�WKH�ILUVW�WLPH�WR�GULOO�D�ZHOO�LQ�WKH�1RUZHJLDQ�6HFWRU�RI�WKH�1RUWK�6HD�LQ�������7KH�ILUVW�ZHOO
GULOOHG�ZLWK�DQ�6%)�LQ�WKH�8.�6HFWRU�ZDV�LQ�������DQG�LQ�WKH�*XOI�RI�0H[LFR�LQ�������)ULHGHKHLP�DQG�&RQQ�������
)HFKKHOP�HW�DO���������%\�6HSWHPEHU�����������ZHOOV�KDG�EHHQ�GULOOHG�ZLWK�6%)V�LQ�WKH�1RUWK�6HD��,Q���������
ZHOOV�ZHUH�GULOOHG�ZLWK�6%)V�LQ�WKH�1RUZHJLDQ�6HFWRU�RI�WKH�1RUWK�6HD��UHVXOWLQJ�LQ�WKH�GLVFKDUJH�WR�WKH�RFHDQ�RI�DQ
HVWLPDWHG�������PHWULF�WRQV�RI�6%)�RQ�FXWWLQJV��1RUZD\�������

6%)V�FDQ�JUHDWO\�HQKDQFH�GULOOLQJ�SHUIRUPDQFH�RYHU�:%)V�IRU�GLIILFXOW�ZHOOV��%XUNH�DQG�9HLO��������FRPSDUHG
FRVWV�RI�ZHOOV�GULOOHG�ZLWK�6%)V�WR�FRPSDUDEOH�ZHOOV�GULOOHG�ZLWK�:%)V���'ULOOLQJ�WLPHV�ZHUH�UHGXFHG�E\����WR���
SHUFHQW��DQG�ZHOO�FRVWV�ZHUH�JHQHUDOO\�FXW�LQ�KDOI�IRU�WKH�6%)�ZHOOV��,Q�WKHVH�FDVHV��WKH�6%)�FXWWLQJV�ZHUH�GLVFKDUJHG
WR�WKH�RFHDQ��,I�FXWWLQJV�FDQ�QRW�EH�GLVFKDUJHG��KRZHYHU��WKH�DGGHG�FRVW�RI�WUDQVSRUWDWLRQ�WR�VKRUH�IRU�ODQG�EDVHG
GLVSRVDO�PD\�PDNH�WKH�XVH�RI�6%)V�FRVW�SURKLELWLYH��%XUNH�DQG�9HLO��������DOVR�SRLQW�RXW�WKDW�ZKHQ�6%)V�DUH�XVHG
LQVWHDG�RI�:%)V��WKH�WRWDO�TXDQWLW\�RI�ZDVWH�GLVFKDUJHG�LV�JUHDWO\�UHGXFHG��7KLV�LV�GXH�SULPDULO\�WR�WKH�IDFW�WKDW�RQO\
6%)�FXWWLQJV�DUH�GLVFKDUJHG��ZKHUHDV�ERWK�:%)V�DQG�FXWWLQJV�DUH�GLVFKDUJHG�

,Q�PDQ\�FDVHV��6%)V�GR�QRW�DSSHDU�WR�KDYH�EHWWHU�GULOOLQJ�SURSHUWLHV�WKDQ�2%)V��DOWKRXJK�WKH\�DUH�PXFK�PRUH
H[SHQVLYH�WKDQ�2%)V���+RZHYHU��LI�WKH�GLVFKDUJH�RI�FXWWLQJV�DVVRFLDWHG�ZLWK�6%)V�LV�DOORZHG�DQG�WKH�GLVFKDUJH�RI
FXWWLQJV�DVVRFLDWHG�ZLWK�2%)V�LV�SURKLELWHG��WKH�KLJKHU�FRVW�RI�WKH�6%)�XVXDOO\�LV�PRUH�WKDQ�RIIVHW�E\�WKH�FRVW�RI
RQVKRUH�GLVSRVDO�RI�2%)�FXWWLQJV�

6%)V�KDYH�D�FOHDU�DGYDQWDJH�RYHU�2%)V�LQ�GHHS�ZDWHU��)DVW�GULOOLQJ�UDWHV�DUH�HVSHFLDOO\�LPSRUWDQW�LQ�GHHS�ZDWHU
ZKHUH�H[SHQVLYH�GULOOLQJ�ULJV�ZLWK�KLJK�GD\�UDWHV�PXVW�EH�XVHG��%RWK�2%)V�DQG�6%)V�LQFUHDVH�WKH�UDWH�RI�SHQHWUDWLRQ
DV�FRPSDUHG�WR�:%)V�DQG�FDQ�UHGXFH�GULOOLQJ�WLPH���+RZHYHU��ZHOOV�GULOOHG�ZLWK�2%)V�XVXDOO\�WDNH�ORQJHU�EHFDXVH
RI�GHOD\V�DVVRFLDWHG�ZLWK�KDQGOLQJ�DQG�RIIORDGLQJ�2%)�FXWWLQJV�WR�EDUJHV�

$QRWKHU�SRWHQWLDO�SUREOHP�LQ�GHHS�ZDWHU�GULOOLQJ�UHVXOWV�IURP�WKH�UHODWLYHO\�ORQJ�WLPH�WKH�PXG�LV�H[SRVHG�WR�ORZ
WHPSHUDWXUHV���$V�WKH�PXG�FRROV��JDV�K\GUDWHV�PD\�IRUP�DQG�LQWHUIHUH�ZLWK�PXG�FLUFXODWLRQ���:KLOH�ERWK�6%)V�DQG
2%)V�LQKLELW�JDV�K\GUDWH�IRUPDWLRQ��6%)V�PD\�EH�PRUH�HIIHFWLYH��&DUOVRQ�DQG�+HPSKLOO�������=HYDOORV�HW�DO��������
1DWXUDO�JDV�LV�OHVV�VROXEOH�LQ�6%)V�WKDQ�LQ�PRVW�2%)V��PDNLQJ�LW�HDVLHU�WR�GHWHFW�JDV�NLFNV�

)RU�GHHS�ZDWHU�GULOOLQJ�RSHUDWLRQV��6%)V�V\VWHPV�SURPRWH�JRRG�KROH�FOHDQLQJ�DQG�FXWWLQJV�VXVSHQVLRQ�SURSHUWLHV�
7KH\�DOVR�VXSSUHVV�JDV�K\GUDWH�IRUPDWLRQ��DQG�H[KLELW�LPSURYHG�FRQGLWLRQV�IRU�ZHOO�FRQWURO�FRPSDUHG�WR�PRVW�:%)



�

V\VWHPV��7KH�UKHRORJLFDO�SURSHUWLHV�RI�6%)V�SURYLGH�JRRG�FDUU\LQJ�FDSDFLW\�IRU�FXWWLQJV��LPSURYLQJ�FXWWLQJV
WUDQVSRUW�LQ�ORQJ��FROG�GHHS�ZDWHU�ULVHUV�

7KH�VFLHQWLILF�OLWHUDWXUH�FOHDUO\�GRFXPHQWV�WKDW�RFHDQ�GLVFKDUJH�RI�:%)V�DQG�WKH�DVVRFLDWHG�FXWWLQJV�KDV�OLWWOH�RU�QR
DGYHUVH��ORQJ�WHUP�ELRORJLFDO�LPSDFW�LQ�WKH�ZDWHU�FROXPQ�RU�RQ�WKH�VHDIORRU��1DWLRQDO�5HVHDUFK�&RXQFLO�������1HII
������+LQZRRG�HW�DO���������2WKHU�VWXGLHV��PRVWO\�SHUIRUPHG�LQ�WKH�1RUWK�6HD��VKRZ�WKDW�GLVFKDUJH�RI�2%)�FXWWLQJV
PD\�FDXVH�SHUVLVWHQW�DGYHUVH�ELRORJLFDO�HIIHFWV�DW�WKH�VHDIORRU�ZLWKLQ�DW�OHDVW���NP�RI�WKH�SODWIRUP��.LQJVWRQ������
2OVJDUG�DQG�*UD\��������%HFDXVH�RI�WKHLU�ORZ�WR[LFLW\�DQG�SHUVLVWHQFH��6%)V�DUH�WKRXJKW�WR�KDYH�HQYLURQPHQWDO
LPSDFWV�LQWHUPHGLDWH�EHWZHHQ�WKRVH�RI�:%)V�DQG�2%)V��,Q�VRPH�FDVHV��KRZHYHU��6%)V�PD\�KDYH�HQYLURQPHQWDO
LPSDFWV�VLPLODU�WR�WKRVH�RI�2%)V��7KHUHIRUH��WKHUH�LV�FRQVLGHUDEOH�GHEDWH�LQ�WKH�8�6��DQG�1RUWK�6HD�FRXQWULHV�DERXW
KRZ�EHVW�WR�UHJXODWH�GLVFKDUJH�RI�6%)�FXWWLQJV�

(3$�UHFRJQL]HV�WKDW�6%)V�DQG�(02%)V�DUH�QHZ�FODVVHV�RI�GULOOLQJ�IOXLGV��EXW�WKH�QDWLRQDO�HIIOXHQW�OLPLWDWLRQV
JXLGHOLQHV��(/*V��GR�QRW�FXUUHQWO\�DGGUHVV�WKHP��9HLO�DQG�'DO\��������(3$�5HJLRQ�9,�SHUPLWV�GLVFKDUJH�RI
FXWWLQJV�DVVRFLDWHG�ZLWK�6%)V�LQ�WKH�:HVWHUQ�*XOI�RI�0H[LFR�SURYLGHG�WKH\�PHHW�GLVFKDUJH�OLPLWDWLRQV�IRU�FXWWLQJV
DVVRFLDWHG�ZLWK�:%)V���7KH�GLVFKDUJH�RI�FXWWLQJV�DVVRFLDWHG�ZLWK�(02%)V�LV�SURKLELWHG�

(3$�LQWHQGV�WR�PRGLI\�WKH�(/*V�WR�LQFOXGH�UHTXLUHPHQWV�IRU�GLVFKDUJH�RI�6%)�FXWWLQJV��EXW�QHHGV�PRUH�LQIRUPDWLRQ�
$Q�LQGXVWU\�FRQVRUWLXP�RI�RSHUDWRUV�DQG�PXG�VXSSOLHUV�LV�ZRUNLQJ�ZLWK�(3$�WR�GHYHORS�WKH�QHZ�HQYLURQPHQWDO�DQG
RSHUDWLRQDO�LQIRUPDWLRQ�QHHGHG�WR�PRGLI\�WKH�(/*V��9HLO�DQG�'DO\�������9HLO�HW�DO���������7KLV�HIIRUW�LQFOXGHV�D
PXOWL�\HDU�ILHOG�VWXG\�WR�HYDOXDWH�VHDIORRU�LPSDFWV�RI�6%)�FXWWLQJV�LQ�WKH�*XOI�RI�0H[LFR��7KH�ILHOG�VWXG\�LV
VFKHGXOHG�WR�EHJLQ�LQ��������%RWK�WKH�006�DQG�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\�DUH�SDUWLFLSDWLQJ�ZLWK�WKH�LQGXVWU\
FRQVRUWLXP�LQ�WKH�ILHOG�VWXG\�

���� &+$5$&7(5,67,&6�2)�6<17+(7,&�%$6('�)/8,'6

�����%DVH�&KHPLFDOV

6\QWKHWLF�EDVH�IOXLGV�PD\�EH�FODVVLILHG�LQWR�IRXU�JHQHUDO�FDWHJRULHV�

x� V\QWKHWLF�K\GURFDUERQV�
x� HWKHUV�
x� HVWHUV��DQG
x� DFHWDOV�

7KH�FKHPLVWU\�RI�WKHVH�EDVLF�FODVVHV�RI�V\QWKHWLF�EDVH�PDWHULDOV�LV�GLVFXVVHG�LQ�WKH�IROORZLQJ�DQG�H[DPSOH�FKHPLFDO
VWUXFWXUHV�DUH�VKRZQ�LQ�7DEOH���

����� 6\QWKHWLF�+\GURFDUERQV

3RO\PHUL]HG�ROHILQV�DUH�WKH�PRVW�IUHTXHQWO\�XVHG�V\QWKHWLF�K\GURFDUERQV�LQ�6%)V�WRGD\���3RO\PHUL]HG�ROHILQV
LQFOXGH�OLQHDU�DOSKD�ROHILQV��/$2V���SRO\�DOSKD�ROHILQV��3$2V���DQG�LQWHUQDO�ROHILQV��,2V���)ULHGKHLP�DQG�&RQQ
�������/LQHDU�DON\O�EHQ]HQHV��/$%V��RULJLQDOO\�ZHUH�LQFOXGHG�LQ�WKLV�FODVV�RI�6%)�EDVH�FKHPLFDOV��/$%�PXGV�ZHUH
XVHG�WR�GULOO����ZHOOV�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD�EHIRUH�6HSWHPEHU�������+RZHYHU��EHFDXVH�WKH\�FRQWDLQ�D
EHQ]HQH�PROHFXOH��WKH\�KDYH�EHHQ�UHFODVVLILHG�DV�HQYLURQPHQWDOO\�XQDFFHSWDEOH�DQG�DUH�QR�ORQJHU�XVHG��)ULHGKHLP
DQG�&RQQ��������7KH\�QHYHU�KDYH�EHHQ�XVHG�LQ�8�6��RIIVKRUH�ZDWHUV�

/LQHDU�SDUDIILQV��/3���DOVR�VRPHWLPHV�FDOOHG�Q�SDUDIILQV��VRPHWLPHV�DUH�LQFOXGHG�LQ�WKLV�FODVV��KRZHYHU��WKH\
XVXDOO\�DUH�SUHSDUHG�IURP�D�SHWUROHXP�IHHGVWRFN��6\QWKHWLF�OLQHDU�SDUDIILQV�DUH�DYDLODEOH�FRPPHUFLDOO\�IRU�XVH�LQ
6%)V��EXW�DUH�QRW�ZLGHO\�XVHG�EHFDXVH�RI�WKHLU�FRVW��6\QWKHWLF�SDUDIILQV�DUH�SURGXFHG�E\�WKH�ORZ�SUHVVXUH�)LVFKHU�
7URSVFK�V\QWKHVLV��LQYROYLQJ�FDWDO\WLF�K\GURJHQDWLRQ�RI�FDUERQ�PRQR[LGH��%HFDXVH�(3$�FODVVLILHV�V\QWKHWLF
SDUDIILQV�DV�6%)V��V\QWKHWLF�/3�FXWWLQJV�DUH�SHUPLWWHG�IRU�RIIVKRUH�GLVFKDUJH�LQ�WKH�*XOI�RI�0H[LFR�
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7DEOH�����1DPHV�DQG�FKHPLFDO�VWUXFWXUHV�RI�VHYHUDO�V\QWKHWLF�EDVH�FKHPLFDOV�

7<3( &+(0,&$/�6758&785(

6\QWKHWLF�+\GURFDUERQV

/LQHDU�$OSKD�2OHILQ��/$2� &+�����&+��Q���&+� �&+�

3RO\�$OSKD�2OHILQ��3$2� &+�����&+��Q���&� �&+����&+��P���&+�
����������������������������?
����������������������������&+��S���&+�

,QWHUQDO�2OHILQ��,2� &+�����&+��P�¤�&+� &+����&+��Q���&+�

/LQHDU�$ON\O�%HQ]HQH��/$%� &+��¤�&+����&+��Q���&+�
���������������?
��������������&�+�

2WKHU�6\QWKHWLF�%DVH�&KHPLFDOV

(WKHU &+�����&+��Q���2����&+��Q���&+�

(VWHU ���&+�����&+��Q���&� �2

�������������������?
������������������������2����&+��P�¤�&+�

$FHWDO &+�����&+��Q���2����2����&+��Q���&+�
����������������������������?�����
����������������������������&+����&+��P���&+�

/LQHDU�$OSKD�2OHILQV

/$2V�DUH�SURGXFHG�E\�WKH�SRO\PHUL]DWLRQ�RI�HWK\OHQH��(WK\OHQH��&�+����WKH�VPDOOHVW�XQVDWXUDWHG�K\GURFDUERQ��LV
ROLJRPHUL]HG�E\�KHDWLQJ�LQ�WKH�SUHVHQFH�RI�D�FDWDO\VW�DQG�WULHWK\O�DOXPLQXP�WR�SURGXFH�/$2V�ZLWK�GLIIHUHQW
K\GURFDUERQ�FKDLQ�OHQJWKV��)ULHGKHLP�DQG�&RQQ�������/HH��������(DFK�/$2�PROHFXOH�KDV�D�VLQJOH��GRXEOH�ERQG�LQ
WKH�DOSKD�SRVLWLRQ��EHWZHHQ�WKH�ILUVW�DQG�VHFRQG�FDUERQ�LQ�WKH�FKDLQ���7DEOH�����/$2V�KDYH�PROHFXODU�ZHLJKWV
UDQJLQJ�IURP������&�+����WR������&��+�����7KH�/$2�PL[WXUH�LV�GLVWLOOHG�WR�SURGXFH�GLIIHUHQW�PROHFXODU�ZHLJKW
EOHQGV��7KH�SK\VLFDO�FKHPLFDO�SURSHUWLHV�RI�WKH�PL[WXUHV�FDQ�EH�DOWHUHG�V\VWHPDWLFDOO\�E\�FKDQJLQJ�WKH�FKDLQ
OHQJWKV�DQG�EUDQFKLQJ�RI�WKH�/$2�PROHFXOHV��7\SLFDO�/$2�PL[WXUHV�XVHG�LQ�6%)V�DUH�/$2�&��&����D�EOHQG�RI
&��+���DQG�&��+���/$2V��DQG�/$2�&��&����,Q�D�W\SLFDO�/$2��DERXW����SHUFHQW�RI�WKH�PROHFXOHV�FRQWDLQ�EUDQFKLQJ�
PRVW�EUDQFKHV�DUH�PHWK\O�JURXSV���&+����5DENH�HW�DO��������

3RO\�$OSKD�2OHILQV

3$2V�DUH�PDQXIDFWXUHG�LQ�D�IRXU��WR�ILYH�VWHS�SURFHVV�����SRO\PHUL]DWLRQ�RI�HWK\OHQH�WR�IRUP�D�VHULHV�RI�OLQHDU�DOSKD
ROHILQV�����GLVWLOODWLRQ�WR�LVRODWH�/$2V�RI�WKH�GHVLUHG�FKDLQ�OHQJWK�����ROLJRPHUL]DWLRQ�RI�WKH�/$2V�WR�SURGXFH
3$2V�����K\GURJHQDWLRQ�WR�VDWXUDWH�WKH�3$2V��VRPHWLPHV���DQG����GLVWLOODWLRQ�WR�LVRODWH�3$2V�ZLWK�WKH�GHVLUHG
SK\VLFDO�FKHPLFDO�SURSHUWLHV��)ULHGKHLP�DQG�&RQQ��������7\SLFDO�/$2V�XVHG�WR�PDQXIDFWXUH�3$2V�LQFOXGH
��RFWHQH��&�+����DQG���GHFHQH��&��+�����%XUNH�DQG�9HLO��������3$2V�PD\�EH�K\GURJHQDWHG��SURGXFLQJ�DONDQHV�IRU
VRPH�DSSOLFDWLRQV��)ULHGKHLP�DQG�3DQWHUPXHKO��������+RZHYHU��WKH�XQVDWXUDWHG�3$2�LV�PRUH�ELRGHJUDGDEOH�WKDQ
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WKH�VDWXUDWHG�DONDQH��WKHUHIRUH��XQVDWXUDWHG�3$2V�DUH�SUHIHUUHG�WR�WKH�VDWXUDWHG�FRQJHQHUV�LQ�DSSOLFDWLRQV�ZKHUH
3$2�FXWWLQJV�PD\�EH�GLVFKDUJHG�WR�WKH�RFHDQ�

'HSHQGLQJ�RQ�WKH�FKDLQ�OHQJWK�RI�WKH�/$2V�DQG�WKH�QDWXUH�RI�WKH�ROLJRPHUL]DWLRQ�UHDFWLRQV��3$2V�FDQ�EH�SURGXFHG
ZLWK�YDU\LQJ�GHJUHHV�RI�EUDQFKLQJ�DQG�FDUERQ�FKDLQ�OHQJWKV��/HH��������,Q�D�W\SLFDO�3$2�6%)��PRUH�WKDQ
���SHUFHQW�RI�WKH�PROHFXOHV�KDYH�EUDQFKLQJ��5DENH�HW�DO���������7KH�3$2�IOXLG�PD\�FRQWDLQ�D�PL[WXUH�RI�VHYHUDO
3$2V�IURP�&�+���WR�&��+���DQG�VRPHWLPHV�WR�&��+����9LN�HW�DO������D��5DENH�HW�DO���������7KH�DYHUDJH�3$2�LV
&��+����(LFRVDQH��ZLWK�D�PROHFXODU�ZHLJKW�RI�������DQG�DQ�DTXHRXV�VROXELOLW\�OHVV�WKDQ���PJ�/�

,QWHUQDO�2OHILQV

,2V�DUH�IRUPHG�E\�LVRPHUL]DWLRQ�RI�/$2V�LQ�WKH�SUHVHQFH�RI�KHDW�DQG�D�VXLWDEOH�FDWDO\VW��,VRPHUL]DWLRQ�VKLIWV�WKH
GRXEOH�ERQG�IURP�WKH�DOSKD�SRVLWLRQ�WR�D�SRVLWLRQ�EHWZHHQ�WZR�LQWHUQDO�FDUERQV��)ULHGKHLP�DQG�&RQQ�������/HH
�������7DEOH�����,VRPHUL]DWLRQ�RI�D�/$2�GHFUHDVHV�LWV�SRXU�SRLQW�DQG�IODVK�SRLQW��&RPPHUFLDO�,2V�XVXDOO\�KDYH�D
FKDLQ�OHQJWK�RI�����&��+����RU�����&��+����FDUERQV��DQG�XVXDOO\�FRQWDLQ�PRUH�WKDQ����SHUFHQW�LQWHUQDO�EUDQFKLQJ
�9LN�HW�DO������D��5DENH�HW�DO���������$V�IRU�/$2V�DQG�3$2V��WKH�,2�PL[WXUH�PD\�EH�K\GURJHQDWHG�WR�SURGXFH
VDWXUDWHG�K\GURFDUERQV��KRZHYHU��WKH\�DUH�VWLOO�UHIHUUHG�WR�DV�/$2V��3$2V��DQG�,2V�

,Q�WRGD\
V�PDUNHW��/$2V�DQG�,2V�XVXDOO\�DUH�SUHIHUUHG�RYHU�3$2V���/$2V�DQG�,2V�RIWHQ�DUH�XVHG�LQ�EOHQGV�WKDW�DUH
GHVLJQHG�WR�DFKLHYH�D�EDODQFH�DPRQJ�WKH�SK\VLFDO�SURSHUWLHV�LPSRUWDQW�WR�WKH�GULOOLQJ�RSHUDWLRQ��H�J��YLVFRVLW\��SRXU
SRLQW��IODVK�SRLQW��HWF���

����� (WKHUV

$OFRKROV�ZLWK�GLIIHUHQW�FKDLQ�OHQJWKV�DUH�FRQGHQVHG�DQG�SDUWLDOO\�R[LGL]HG�WR�SURGXFH�PRQR��DQG�GL�HWKHUV��(WKHUV
DUH�VDWXUDWHG�K\GURFDUERQV�ZLWK�DQ�R[\JHQ�DWRP�LQ�WKH�FHQWHU��7DEOH�����+\GURFDUERQ�FKDLQ�OHQJWKV�DQG�EUDQFKLQJ
DUH�VHOHFWHG�WR�RSWLPL]H�GULOOLQJ�SURSHUWLHV�DQG�PLQLPL]H�WR[LFLW\��&DQGOHU�HW�DO���������(WKHUV�DUH�PRUH�VWDEOH�ERWK
FKHPLFDOO\�DQG�ELRORJLFDOO\�WKDQ�HVWHUV�RU�DFHWDOV���(WKHU�6%)V�KDYH�D�KLJK�K\GURO\WLF�VWDELOLW\��7KLV�LV�DQ�DGYDQWDJH
GXULQJ�GULOOLQJ��EXW�UHVXOWV�LQ�ORZ�ELRGHJUDGDELOLW\�IROORZLQJ�RFHDQ�GLVSRVDO�RI�6%)�FXWWLQJV��)ULHGKHLP�DQG�&RQQ
��������$W�RQH�WLPH��HWKHUV�ZHUH�XVHG�IUHTXHQWO\�LQ�WKH�1RUWK�6HD��EHIRUH�6HSWHPEHU�������HWKHU�RU�DFHWDO�6%)V
ZHUH�XVHG�WR�GULOO����ZHOOV�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD��)ULHGKHLP�DQG�&RQQ��������+RZHYHU��WKH\�DUH�QR
ORQJHU�XVHG�LQ�WKH�1RUWK�6HD���(WKHUV�KDYH�QHYHU�EHHQ�XVHG�LQ�8�6��RIIVKRUH�ZDWHUV�

����� $FHWDOV

$FHWDOV�DUH�GLDON\OHWKHUV�WKDW�DUH�FORVHO\�UHODWHG�WR�HWKHUV��6ODWHU�HW�DO���������7KH\�DUH�IRUPHG�E\�WKH�DFLG�FDWDO\]HG
UHDFWLRQ�RI�DQ�DOGHK\GH�ZLWK�DQ�DOFRKRO�RU�FDUERQ\O�FRPSRXQG��2QH�PROH�RI�DOGHK\GH�DQG�WZR�PROHV�RI�DOFRKRO�
�3DWHO��������$�W\SLFDO�DFHWDO�LQ�D�6%)�KDV�WKH�IRUPXOD��&��+��2���DQG�KDV�D�PROHFXODU�ZHLJKW�RI��������9LN�HW�DO�
����D���$FHWDOV�DUH�UHODWLYHO\�VWDEOH�XQGHU�QHXWUDO�DQG�EDVLF�FRQGLWLRQV��EXW�PD\�UHYHUW�EDFN�WR�WKH�DOGHK\GH�DQG
DOFRKRO�XQGHU�DFLGLF�FRQGLWLRQV��$W�RQH�WLPH��DFHWDOV�ZHUH�XVHG�IUHTXHQWO\�LQ�WKH�1RUWK�6HD��KRZHYHU��WKH\�DUH�QRW
XVHG�WRGD\���$FHWDOV�KDYH�QHYHU�EHHQ�XVHG�LQ�8�6��ZDWHUV�

����� (VWHUV

(VWHUV�DUH�IRUPHG�E\�WKH�UHDFWLRQ�RI�D�FDUER[\OLF�DFLG�ZLWK�DQ�DOFRKRO�XQGHU�DFLGLF�FRQGLWLRQV��1RUPDQ��������7KH
LQJUHGLHQWV�RI�HVWHUV�XVHG�LQ�6%)V�LQFOXGH�IDWW\�DFLGV��FDUER[\OLF�DFLGV��ZLWK���WR����FDUERQV�DQG�DOFRKROV�ZLWK
GLIIHUHQW�FKDLQ�OHQJWKV����(WK\OKH[DQRO��&�+��2��PROHFXODU�ZHLJKW��������LV�WKH�DOFRKRO�XVHG�PRVW�IUHTXHQWO\�
KRZHYHU��PRQR��DQG�SRO\�K\GULF�DOFRKROV��JO\FHUROV��PD\�DOVR�EH�XVHG��7KH�IDWW\�DFLGV�XVXDOO\�DUH�GHULYHG�IURP
QDWXUDO�YHJHWDEOH�RU�ILVK�RLOV��7KH\�DOVR�FDQ�EH�PDGH�E\�R[LGDWLRQ�RI�WKH�WHUPLQDO�GRXEOH�ERQG�RI�/$2V��)ULHGKHLP
DQG�3DQWHUPXHKO��������$Q�H[DPSOH�RI�HVWHU�XVHG�LQ�6%)V�LV�D�PL[WXUH�RI�&��WKURXJK�&���IDWW\�DFLG�HVWHUV�RI
��HWK\OKH[DQRO��7KH�RULJLQDO�3HWURIUHH�6%)�V\VWHP�FRQVLVWHG�RI�D�PL[WXUH�RI�ILYH�KRPRORJRXV�IDWW\�DFLG�HVWHUV��RI
ZKLFK�WKH�PDLQ�FRPSRQHQW�ZDV���HWK\OKH[\O�GRGHFDQRDWH��6FKDDQQLQJ�HW�DO���������$�W\SLFDO�HVWHU�KDV�D�PROHFXODU
ZHLJKW�RI�������DQG�WKH�FKHPLFDO�IRUPXOD��&��+��2���9LN�HW�DO������D���(VWHUV�DUH�VRPHZKDW�SRODU�DQG�PRUH�ZDWHU�
VROXEOH�WKDQ�ZRXOG�EH�H[SHFWHG�IURP�WKHLU�PROHFXODU�ZHLJKWV��&KDLQ�OHQJWK�DQG�EUDQFKLQJ�RI�WKH�IDWW\�DFLGV�DQG
DOFRKRO�DUH�PRGLILHG�WR�RSWLPL]H�YLVFRVLW\��SRXU�SRLQW��DQG�K\GURO\WLF�VWDELOLW\��)ULHGKHLP�DQG�3DQWHUPXHKO������



�

1RUPDQ��������(VWHUV�DOVR�PD\�EH�PL[HG�ZLWK�V\QWKHWLF�K\GURFDUERQV��/$2��,2��RU�3$2��LQ�DQ�6%)�WR�DWWDLQ�VRPH
SDUWLFXODU�GULOOLQJ�SHUIRUPDQFH�FKDUDFWHULVWLF���(VWHUV�DUH�UHODWLYHO\�VWDEOH�XQGHU�QHXWUDO�FRQGLWLRQV��EXW�PD\�XQGHUJR
K\GURO\VLV�DQG�UHYHUW�EDFN�WR�WKH�DFLG�DQG�DOFRKRO�XQGHU�EDVLF�RU�DFLGLF�FRQGLWLRQV��(VWHUV�DUH�FRPPRQO\�XVHG�LQ�WKH
1RUWK�6HD�DQG�KDYH�EHHQ�XVHG�H[WHQVLYHO\�LQ�WKH�*XOI�RI�0H[LFR�

�����6%)�8VDJH�7UHQGV

$�ODUJH�QXPEHU�RI�WUDGH�QDPH�6%)�SURGXFWV�DUH�DYDLODEOH�IURP�GULOOLQJ�IOXLG�VXSSOLHUV�LQ�WKH�8�6�DQG�(XURSH�
([DPSOHV�RI�VRPH�RI�WKH�6%)V�DYDLODEOH�IURP�WKUHH�8�6��VXSSOLHUV�DUH�VXPPDUL]HG�LQ�7DEOH����7KH�SURGXFWV�OLVWHG
DUH�WKH�RQHV�XVHG�LQ�PRVW�6%)�GULOOLQJ�PXG�SDFNDJHV�IRU�RIIVKRUH�GULOOLQJ�LQ�WKH�*XOI�RI�0H[LFR��$GGLWLRQDO
SURGXFWV�IURP�WKHVH�DQG�RWKHU�VXSSOLHUV�DUH�DYDLODEOH�LQ�WKH�8�6��DQG�HOVHZKHUH�LQ�WKH�ZRUOG�

7DEOH�����7UDGH�QDPHV�DQG�6%)�EDVH�FKHPLFDO�FRPSRVLWLRQV�RI�VRPH�UHSUHVHQWDWLYH�6%)V�FXUUHQWO\
DYDLODEOH�IURP�WKUHH�GULOOLQJ�PXG�VXSSOLHUV�IRU�RIIVKRUH�GULOOLQJ�LQ�WKH�8QLWHG�6WDWHV�

7UDGH�1DPH 6%)�%DVH�&KHPLFDO 6XSSOLHU

,62�7(4 ,2��&���¤�&���EOHQG� %DNHU�+XJKHV�,17(4

1;����� (VWHU %DNHU�+XJKHV�,17(4

%*���� (VWHU %DNHU�+XJKHV�,17(4

37�����D ,VR�3DUDIILQ %DNHU�+XJKHV�,17(4

$/3+$�7(4 /$2��&���¤�&���EOHQG� %DNHU�+XJKHV�,17(4

129$3/86 ,2��&���¤�&���EOHQG� 0�,

(&2*5((1 (VWHU 0�,

129$7(& /$2��&���¤�&���EOHQG� 0�,

3$5$'5,/D 3DUDIILQ 0�,

3(752)5((�6) ,2��&���¤�&���EOHQG� %DURLG

3(752)5(( (VWHU %DURLG

3(752)5((�/(E /$2��&���¤�&���EOHQG� %DURLG

;3���D /LQHDU�3DUDIILQ %DURLG

D 7KHVH�6%)V�FRQWDLQ�V\QWKHWLF�SDUDIILQV��(3$�FXUUHQWO\�GRHV�QRW�SHUPLW�GLVFKDUJH�RI�GULOOLQJ�IOXLGV�FXWWLQJV�FRQWDLQLQJ
SHWUROHXP�GHULYHG�SDUDIILQV�

E�3(752)5((�/(�RULJLQDOO\�ZDV�D�EOHQG�RI�/$2�DQG�HVWHU��7KH�HVWHU�ZDV�SKDVHG�RXW�LQ������

,Q�WRGD\©V�PDUNHW��FRQFHUQV�DERXW�WR[LFLW\��ELRGHJUDGDWLRQ�UDWHV��HQYLURQPHQWDO�LPSDFWV��DQG�FRVWV�KDYH�HVVHQWLDOO\
HOLPLQDWHG�DOO�6%)V�H[FHSW�ROHILQV�DQG�HVWHUV�IURP�XVH�LQ�RIIVKRUH�GULOOLQJ��2OHILQV�DUH�OHVV�FRVWO\�WKDQ�HVWHUV��PRUH
VWDEOH�DW�KLJKHU�WHPSHUDWXUHV��OHVV�YLVFRXV�DW�ORZ�WHPSHUDWXUH��DQG�PRUH�DGDSWDEOH�WR�GHHS�ZDWHU�GULOOLQJ
HQYLURQPHQWV��2OHILQV�XVXDOO\�DUH�SUHIHUUHG�LI�RQO\�GULOOLQJ�SURSHUWLHV�DUH�FRQVLGHUHG��+RZHYHU��HVWHUV�DUH�PXFK
PRUH�ELRGHJUDGDEOH�WKDQ�ROHILQV��JLYLQJ�WKH�LPSUHVVLRQ�WKDW�WKH\�DUH�PRUH�HQYLURQPHQWDOO\�FRPSDWLEOH�WKDQ�ROHILQV�

:%)V�VWLOO�DUH�WKH�PRVW�IUHTXHQWO\�XVHG�GULOOLQJ�PXGV�LQ�8�6��RIIVKRUH�ZDWHUV��,Q�GHHS�ZDWHU�RU�GLIILFXOW�GULOOLQJ
VLWXDWLRQV�ZKHUH�:%)V�DUH�QRW�VXLWDEOH��,2V�DQG�/$2V�DUH�XVHG��3$2V�DQG�HVWHUV�ZHUH�XVHG�LQ�WKH�SDVW��EXW�UDUHO\
DUH�XVHG�WRGD\��0RVW�RSHUDWRUV�GULOOLQJ�LQ�RIIVKRUH�ZDWHUV�RI�WKH�*XOI�RI�0H[LFR�¦UHQW§�FRPSOHWH�6%)�SDFNDJHV�IURP
GULOOLQJ�IOXLG�FRPSDQLHV��)RUPXODWLRQ��PRQLWRULQJ�SK\VLFDO�FKHPLFDO�SURSHUWLHV��DQG�UHF\FOLQJ�RI�WKH�6%)�LV
SHUIRUPHG�E\�WKH�GULOOLQJ�IOXLG�FRPSDQ\�RQ�D�FRQWUDFW�EDVLV�



�

��� �6\QWKHWLF�%DVH�)OXLG�6\VWHPV

7KH�6%)�EDVH�PDWHULDO�XVXDOO\�UHSUHVHQWV�DERXW����WR����SHUFHQW�RI�WKH�WRWDO�YROXPH�RI�WKH�FRPSOHWH�PXG��5XVKLQJ
HW�DO��������DQG�DERXW����WR����SHUFHQW�RI�WKH�PDVV�RI�WKH�PXG��.HQQ\��������$OO�6%)�V\VWHPV�FRQWDLQ�HPXOVLILHUV�
ZHWWLQJ�DJHQWV��WKLQQHUV��ZHLJKWLQJ�DJHQWV��DQG�JHOOLQJ�DJHQWV��5HODWLYH�SURSRUWLRQV�RI�WKH�GLIIHUHQW�LQJUHGLHQWV�YDU\
GHSHQGLQJ�RQ�WKH�6%)�W\SH�DQG�WKH�FKHPLVWU\��JHRORJ\��DQG�GHSWK�RI�WKH�IRUPDWLRQ�EHLQJ�GULOOHG��7DEOH���DQG����
7KH�PDMRU�LQJUHGLHQWV�DUH�VLPLODU�IRU�DOO�6%)�V\VWHPV��7KH�UHODWLYH�DPRXQWV�RI�GLIIHUHQW�LQJUHGLHQWV�LQ�WKH�6%)�DUH
YDULHG�WR�DGGUHVV�GULOOLQJ�FRQGLWLRQV�

7DEOH�����7\SLFDO�FRQFHQWUDWLRQ�UDQJHV�RI�WKH�PDMRU�DGGLWLYHV�LQ�6%)V��0RGLILHG�IURP�0F.HH�HW�DO���������

$GGLWLYH &RQFHQWUDWLRQ�LQ�'ULOOLQJ�0XG

3RXQGV�%DUUHO .LORJUDPV�PHWHU�

(PXOVLILHU ����¤����� �����¤�����

5KHRORJLFDO�0RGLILHU �����¤���� ����¤����

)OXLG�/RVV�$GGLWLYH ����¤���� ����¤�����

/LPH ����¤���� �����¤�����

2UJDQRSKLOLF�&OD\ ��¤�� �����¤�����

:HWWLQJ�$JHQW ��¤���� ��¤����

7DEOH�����0DMRU�LQJUHGLHQWV�RI�D�W\SLFDO�3$2�GULOOLQJ�PXG��6%)��FRPSDUHG�WR�D�W\SLFDO�PLQHUDO�RLO
EDVHG�PXG��2%)���&RQFHQWUDWLRQV��H[FHSW�IRU�GHQVLW\��DUH�SRXQGV�SHU�EDUUHO�DQG
NLORJUDPV�SHU�PHWHU���LQ�SDUHQWKHVHV���0RGLILHG�IURP�5XVKLQJ�HW�DO���������

&RPSRQHQW &RQFHQWUDWLRQ�LQ�'ULOOLQJ�0XG

3RO\�DDDD�2OHILQ�0XG 0LQHUDO�2LO�0XG

%DVH�/LTXLG�:DWHU�5DWLR ����� �����

'HQVLW\��OE�JDO�	�NJ�/� �������������������� ������������������������

%DVH�/LTXLG ���������������� �����������������

:DWHU ������������������ ������������������

&D&O� ����������������� ��������������������

(PXOVLILHU ��������������� ��������������

:HWWLQJ�$JHQW ������������ ��������������

/LPH��&D&2�� ��������������� ���

+RW�/LPH��&D2� ��� ��������������

2UJDQRSKLOLF�&OD\ ������������ ����������������

5KHRORJ\�0RGLILHU ��� �����������������

%DULWH ������������� ���



�

6%)V�DQG�2%)V�VKDUH�PDQ\�RI�WKH�VDPH�LQJUHGLHQWV��7DEOH�����:DWHU��XVXDOO\�LQ�WKH�IRUP�RI�D�FRQFHQWUDWHG�FDOFLXP
FKORULGH�EULQH��LV�HPXOVLILHG�LQ�WKH�6%)�EDVH�PDWHULDO�WR�LQFUHDVH�YLVFRVLW\��7KH�V\QWKHWLF�ZDWHU�YROXPH�UDWLR�LV
YDULHG�WR�DOWHU�PXG�YLVFRVLW\�DQG�XVXDOO\�UDQJHV�IURP�������WR�SHUKDSV�DV�KLJK�DV�������0F.HH�HW�DO�������
)ULHGKHLP�DQG�3DWHO���������7KH�EULQH�SURPRWHV�GHK\GUDWLRQ�RI�VKDOHV�LQ�WKH�IRUPDWLRQ�EHLQJ�GULOOHG��,W�LV�GLVSHUVHG
LQ�WKH�RLO�SKDVH�WR�IRUP�DQ�LQYHUWHG�HPXOVLRQ��D�ZDWHU�LQ�6%)�HPXOVLRQ���7KH�VROLGV�LQ�WKH�6%)��LQFOXGLQJ�IRUPDWLRQ
VROLGV��FXWWLQJV���DUH�¦6%)�ZHW§�

(PXOVLILHUV��ZKLFK�RIWHQ�DUH�PHWDO�VRDSV�RI�IDWW\�DFLGV��DUH�DGGHG�WR�WKH�6%)�WR�DLG�LQ�IRUPLQJ�DQG�PDLQWDLQLQJ�WKH
LQYHUWHG�HPXOVLRQ��7KH�HPXOVLILHU��VXUIDFWDQW��SDFNDJHV�XVHG�LQ�6%)V�RIWHQ�DUH�GLIIHUHQW�IURP�WKRVH�XVHG�LQ�2%)V�
7KH\�DUH�PRGLILHG�WR�EH�FRPSDWLEOH�ZLWK�WKH�SK\VLFDO�FKHPLFDO�SURSHUWLHV�RI�WKH�RUJDQLF�EDVH�SKDVH�RI�WKH�PXG
�)ULHGKHLP�HW�DO���������:HWWLQJ�DJHQWV�DUH�DGGHG�WR�HQVXUH�WKH�VROLGV�LQ�WKH�PXG�DUH�6%)�ZHW��:HWWLQJ�DJHQWV
LQFOXGH�SRO\DPLQHV��IDWW\�DFLGV��DQG�R[LGL]HG�WDOO�RLOV��/LPH�LV�DGGHG�WR�PDNH�FDOFLXP�VRDSV�WKDW�DLG�LQ
HPXOVLILFDWLRQ�RI�ZDWHU�LQ�WKH�6%)��5KHRORJ\�PRGLILHUV�DQG�RUJDQRSKLOLF�FOD\V�DUH�DGGHG�WR�DLG�LQ�VXVSHQGLQJ�GULOO
FXWWLQJV�LQ�WKH�PXG�

%DULWH��EDULXP�VXOIDWH��LV�XVHG�WR�LQFUHDVH�WKH�ZHLJKW�RI�WKH�GULOOLQJ�PXG��FRXQWHUDFWLQJ�IRUPDWLRQ�SUHVVXUH�DQG�WKXV
SUHYHQWLQJ�D�EORZRXW��7KH�DPRXQW�RI�EDULWH�DGGHG�WR�WKH�PXG�XVXDOO\�LQFUHDVHV�DV�ERWK�WKH�GHSWK�RI�WKH�ZHOO�DQG
IRUPDWLRQ�SUHVVXUH�LQFUHDVH��$�W\SLFDO������OE�6%)�PD\�FRQWDLQ�DERXW�����OE�EEO������J�/��EDULWH��)ULHGKHLP�DQG
3DWHO��������%DULWH�KDV�DQ�H[WUHPHO\�ORZ�VROXELOLW\�LQ�VHD�ZDWHU�DQG�VR�LV�XVHG�IUHTXHQWO\�DV�D�FRQVHUYDWLYH�WUDFHU�RI
WKH�GLVSHUVLRQ�DQG�IDWH�RI�GLVFKDUJHG�GULOOLQJ�IOXLGV��+DUWOH\�������

2I�WKH�PDMRU�LQJUHGLHQWV�RI�6%)V��RWKHU�WKDQ�WKH�EDVH�IOXLGV�WKHPVHOYHV��HPXOVLILHUV�DQG�ZHWWLQJ�DJHQWV��GHWHUJHQWV
RU�VXUIDFWDQWV��DUH�RI�JUHDWHVW�HQYLURQPHQWDO�FRQFHUQ�EHFDXVH�RI�WKHLU�SRWHQWLDO�WR[LFLW\��5\H�HW�DO��������7KH�H[DFW
FRPSRVLWLRQV�RI�FRPPHUFLDO�HPXOVLILHUV�DQG�ZHWWLQJ�DJHQWV�DUH�SURSULHWDU\��6RPH�FRPPRQ�VXUIDFWDQW�SURGXFWV�XVHG
LQ�6%)V�DQG�WKHLU�JHQHULF�FRPSRVLWLRQV�DQG�XVH�FRQFHQWUDWLRQV�DUH�VXPPDUL]HG�LQ�7DEOH���

7DEOH�����([DPSOHV�RI�VHYHUDO�HPXOVLILHUV�XVHG�LQ�6%)�V\VWHPV��6RPH�UHODWHG�6%)�FKHPLFDOV�DUH�LQFOXGHG�

3URGXFW )XQFWLRQ &RPSRVLWLRQ 7\SLFDO�&RQFHQWUDWLRQ�LQ
6%)��OE�EEO�

1RYDPXO 3ULPDU\�HPXOVLILHU )DWW\�DFLG�VROYHQW�EOHQG ��¤���

1RYDZHW :HWWLQJ�DJHQW ,PLGD]ROLQH �������������������¤��

1RYDWKLQ 7KLQQHU�FRQGLWLRQHU )DWW\�DFLG�EOHQG ������������������¤��

1RYDPRG 2UJDQLF�JHOOLQJ�DJHQW 3RO\PHUL]HG�IDWW\�DFLGV �������������������¤��

(]�0XO�17( (PXOVLILHU�ZHWWLQJ�DJHQW 3RO\DPLQDWHG�IDWW\�DFLG�LQ
��HVWHU�FDUULHU�IOXLG

���¤���

/H�0XO (PXOVLILHU )DWW\�DFLG�EOHQG�LQ
V\QWKHWLF�FDUULHU�IOXLG

��¤���

/H�6XSHUPXO (PXOVLILHU 3RO\DPLQDWHG�IDWW\�DFLG�LQ
�V\QWKHWLF�FDUULHU�IOXLG

�������������������¤��

2PQL�7HF (PXOVLILHU )DWW\�DFLGV�V\QWKHWLF�EOHQG �������������������¤��

2PQL�0XO (PXOVLILHU 3RO\DPLGH�V\QWKHWLF�EOHQG ��¤���

2PQL�&RDW +LJK�7HPS�(PXOVLILHU 3RO\ROHILQ�VXOIRQDWH�EOHQG �



��

$ON\OSKHQRO�SRO\HWKR[\ODWHV�ZHUH�ZLGHO\�XVHG�LQ�WKH�SDVW�DV�OXEULFDQWV��GHWHUJHQWV��DQG�HPXOVLILHUV�LQ�:%)V�DQG
1$%)V��*HWOLII�DQG�-DPHV��������7KHLU�XVH�KDV�EHHQ�SKDVHG�RXW�LQ�PRVW�ORFDWLRQV�EHFDXVH�RI�WKH�KLJK�WR[LFLW\�RI
VRPH�RI�WKHLU�GHJUDGDWLRQ�SURGXFWV��SDUWLFXODUO\�QRQ\OSKHQRO�DQG�RFW\OSKHQRO��7KHVH�SURGXFWV�XVXDOO\�DUH�GLVVROYHG
RU�GLVSHUVHG�LQ�WKH�EDVH�V\QWKHWLF�IOXLG��%HFDXVH�RI�WKHLU�K\GURSKRELF�K\GURSKLOLF�VWUXFWXUH��WKH\�FRQFHQWUDWH�DW�WKH
V\QWKHWLF�EULQH�LQWHUIDFH��VWDELOL]LQJ�WKH�EULQH�GLVSHUVLRQ�LQ�WKH�V\QWKHWLF�IOXLG�DQG�KHOSLQJ�WR�PDNH�RWKHU�PXG
LQJUHGLHQWV�DQG�IRUPDWLRQ�VROLGV�V\QWKHWLF�ZHW�

7KH�WKHUPDO�VWDELOLW\�RI�HPXOVLILHUV�FRQWUROV�WKH�XSSHU�WHPSHUDWXUH�DW�ZKLFK�6%)V�DQG�2%)V�FDQ�RSHUDWH�GRZQ�KROH
�*URZFRFN�HW�DO���������7KH�WKHUPDO�WKUHVKROG�IRU�GHJUDGDWLRQ�RI�VHYHUDO�HPXOVLILHUV�LV�LQ�WKH�UDQJH�RI����q)�WR
���q)������q&�WR����q&���5KHRORJ\�PRGLILHUV�KDYH�VLPLODU�WKHUPDO�VWDELOLW\�WR�HPXOVLILHUV��0RVW�6%)�EDVHG�IOXLGV
DUH�VWDEOH�WR�JUHDWHU�WKDQ����q)�����q&���7KHUPDO�GHJUDGDWLRQ�SURGXFWV�RI�HPXOVLILHUV�DQG�UKHRORJ\�PRGLILHUV�FRXOG
FRQWULEXWH�WR�WKH�WR[LFLW\�RI�VRPH�6%)V�

6HYHUDO�PHWDOV�DUH�SUHVHQW�LQ�:%)V��2%)V��DQG�6%)V��7KH�PHWDOV�DUH�DVVRFLDWHG�ZLWK�GLVSHUVHG�FXWWLQJV�DQG�WKH
VROLG�DGGLWLYHV��EDULWH�DQG�FOD\V���QRW�ZLWK�WKH�FRQWLQXRXV�SKDVH��ZDWHU��RLO��RU�V\QWKHWLF���LQ�GULOOLQJ�IOXLGV��0HWDOV
FRQFHQWUDWLRQV�LQ�ZKROH�:%)V�DQG�2%)V�DUH�URXJKO\�VLPLODU��7DEOH�����GHSHQGLQJ�PDLQO\�RQ�WKH�TXDOLW\�RI�EDULWH
DQG�FOD\V�XVHG�WR�IRUPXODWH�WKH�IOXLGV��1R�GDWD�DUH�DYDLODEOH�IRU�WKH�PHWDOV�FRQFHQWUDWLRQ�LQ�DQ�6%)��EXW
FRQFHQWUDWLRQV�VKRXOG�EH�VLPLODU�WR�WKRVH�LQ�2%)V��$OXPLQXP�DQG�EDULXP�LQ�GULOOLQJ�PXGV�DUH�IURP�FOD\V�DQG�EDULWH�
UHVSHFWLYHO\��7KH�RWKHU�PHWDOV�DUH�DVVRFLDWHG�SULPDULO\�ZLWK�WKH�FOD\�PLQHUDOV�DQG�EDULWH�IUDFWLRQV�DQG�DUH�SUHVHQW
SULPDULO\�DV�LQVROXEOH�VXOILGH�VDOW�LQFOXVLRQV�LQ�FOD\�DQG�EDULWH�ODWWLFHV��1HII�HW�DO���������$OO�WKH�PHWDOV�LQ�GULOOLQJ
IOXLGV�DUH�LQ�VROLG�RU�FRPSOH[HG�IRUPV��7KH\�KDYH�D�ORZ�ELRDYDLODELOLW\�DQG�WR[LFLW\�WR�PDULQH�RUJDQLVPV��1HII�HW
DO�����E�F���0HWDOV�GR�QRW�FRQWULEXWH�WR�WKH�WR[LFLW\�RI�GULOOLQJ�PXGV�

7DEOH�����&RPSDULVRQ�RI�WKH�FRQFHQWUDWLRQV�RI�PHWDOV�LQ�ZDWHU�EDVHG�GULOOLQJ�PXGV�DQG�LQ�D�W\SLFDO�RLO
EDVHG�GULOOLQJ�PXG��1HII�HW�DO��������)LOOLR�HW�DO���������&RQFHQWUDWLRQV�DUH�PJ�NJ�GU\�ZW��SSP��

0HWDO :DWHU�%DVHG�0XG 2LO�%DVHG�0XG

$OXPLQXP ������������ �������

%DULXP ���������������¤�������� �������

&DGPLXP ��������������������¤����� �����������������������������¤���

&KURPLXP �������������������¤������ �����������������������¤������

,URQ ������¤������� ��������

/HDG �������������������¤������ ���������������������¤����

0HUFXU\ ���������������������¤����� 1RW�5HSRUWHG

=LQF ��������������������¤������� ������������������������¤������

7KH�YLVFRVLW\�RI�PRVW�6%)�EDVH�PDWHULDOV��RWKHU�WKDQ�WKH�ROHILQV��LV�KLJKHU�WKDQ�WKDW�RI�GLHVHO�DQG�PLQHUDO�RLOV��7DEOH
����7KH�KLJK�YLVFRVLW\�RI�VRPH�6%)�EDVH�PDWHULDOV�PD\�OLPLW�WKH�DPRXQW�RI�EDULWH�WKDW�FDQ�EH�DGGHG�WR�WKH�PXG�DQG�
WKHUHIRUH��WKH�PXG�ZHLJKW����7KLV�PD\�OLPLW�WKH�XVH�RI�KLJKHU�YLVFRVLW\�6%)�EDVH�IOXLGV�LQ�ZHOOV�LQ�ZKLFK�KLJK�PXG
ZHLJKWV�DUH�QHHGHG�

6%)�EDVH�PDWHULDOV�DUH�V\QWKHVL]HG�LQ�VXFK�D�ZD\�DV�WR�DYRLG�LQFOXVLRQ�RI�DURPDWLF�K\GURFDUERQV��7KLV�ZDV�GRQH
EHFDXVH�DURPDWLF�K\GURFDUERQV�DUH�FRQVLGHUHG�WR�EH�PDMRU�FRQWULEXWRUV�WR�WKH�WR[LFLW\�RI�:%)V�DQG�2%)V��1HII�HW
DO�������.LQJVWRQ��������%HFDXVH�WKH�EDVH�PDWHULDOV�GR�QRW�FRQWDLQ�DURPDWLF�K\GURFDUERQV��WKH�FRPSOHWH�6%)�PXG
V\VWHPV�XVXDOO\�GR�QRW�FRQWDLQ�DURPDWLF�K\GURFDUERQV��7DEOH�����+RZHYHU��FUXGH�RLO�PD\�FRQWDPLQDWH�WKH�PXG�
LQWURGXFLQJ�DURPDWLF�K\GURFDUERQV�ZKHQ�GULOOLQJ�WKURXJK�K\GURFDUERQ�EHDULQJ�IRUPDWLRQV�
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7DEOH�����7KH�YLVFRVLW\�DQG�DURPDWLF�K\GURFDUERQ�FRQFHQWUDWLRQ�LQ�VHYHUDO�W\SHV�RI��2%)V�DQG�6%)V�
0RGLILHG�IURP�0HLQKROG��������

%DVH�)OXLG 9LVFRVLW\��FVW�#���qqqq&� $URPDWLF�+\GURFDUERQV����

'LHVHO ����¤�� ��

&RQYHQWLRQDO�0LQHUDO�2LO ����¤�� ��¤��

3XULILHG�3DUDIILQ�2LO �����¤�� ��

(QKDQFHG�0LQHUDO�2LO ���������¤�� ������¤�����

(VWHU�a�&�� �����¤�� �

(VWHU�a�&�� ��� �

$FHWDO�&�� ��� �

3RO\�DOSKD�ROHILQ�&�� �����¤�� �

/LQHDU�DOSKD�ROHILQ�&���&�� ��� �

/LQHDU�DOSKD�ROHILQ�&���&�� ��� �

,QWHUQDO�ROHILQ�&���&�� ��� �

��� )$7(�2)�6<17+(7,&�%$6('�'5,//,1*�)/8,'6�,1�7+(�0$5,1(
� (19,5210(17

�����'LVFKDUJH�RI�6%)�&XWWLQJV

6%)�FXWWLQJV�DUH�HLWKHU�SHUPLWWHG�IRU�RIIVKRUH�GLVSRVDO�RU�XQGHU�DFWLYH�UHJXODWRU\�HYDOXDWLRQ�LQ�PXFK�RI�WKH�ZRUOG�
&XWWLQJV�SURGXFHG�GXULQJ�XVH�RI�6%)V�FRQWDLQ�VPDOO�DPRXQWV�RI�DGKHULQJ�6%)��7KLV�LV�WKH�URXWH�E\�ZKLFK�6%)V
UHDFK�WKH�RFHDQ��'ULOOLQJ�IOXLG�LV�FLUFXODWHG�GRZQ�WKH�GULOO�SLSH�FRQWLQXRXVO\�GXULQJ�GULOOLQJ��,W�UHWXUQV�WR�WKH�VXUIDFH
WKURXJK�WKH�DQQXODU�VSDFH�EHWZHHQ�WKH�GULOO�SLSH�DQG�ZHOO�ZDOO�RU�FDVLQJ��FDUU\LQJ�GULOO�FXWWLQJV�LQ�VXVSHQVLRQ��2Q�WKH
SODWIRUP��WKH�6%)�LV�SDVVHG�WKURXJK�HTXLSPHQW�GHVLJQHG�WR�UHPRYH�GULOO�FXWWLQJV�DQG�WKHQ�LV�SXPSHG�LQWR�WKH�PXG
SLWV�IURP�ZKLFK�LW�LV�SXPSHG�EDFN�GRZQ�WKH�KROH��6%)V�PD\�EH�SURFHVVHG�WKURXJK�PHVK�VFUHHQV�RQ�VKDOH�VKDNHUV�
K\GURF\FORQHV��DQG�FHQWULIXJHV�WR�UHPRYH�FXWWLQJV��,Q�WKH�*XOI�RI�0H[LFR��PRVW�6%)V�DUH�SURFHVVHG�WKURXJK�WZR�RU
PRUH�VKDOH�VKDNHUV�ZLWK�GLIIHUHQW�PHVK�VL]H�VFUHHQV��K\GURF\FORQHV�DQG�FHQWULIXJHV�XVXDOO\�DUH�QRW�UHTXLUHG��$QQLV
�������8SRQ�FRPSOHWLRQ�RI�GULOOLQJ�D�ZHOO��WKH�XVHG�6%)�LV�WUDQVSRUWHG�WR�VKRUH�ZKHUH�LW�LV�FOHDQHG�DQG�UHIRUPXODWHG
WR�PDNH�QHZ�6%)��%XON�GLVFKDUJH�RI�6%)V�WR�WKH�RFHDQ�LV�QRW�SHUPLWWHG�LQ�8�6���1RUWK�6HD��DQG�$XVWUDOLDQ�ZDWHUV�

7KH�DPRXQW�RI�6%)�UHWDLQHG�RQ�FXWWLQJV�IROORZLQJ�SURFHVVLQJ�LV�KLJKO\�YDULDEOH��,W�GHSHQGV�RQ�WKH�JUDLQ�VL]H�RI�WKH
FXWWLQJV�SDUWLFOHV��WKH�W\SH�RI�6%)��WKH�HIILFLHQF\�RI�WKH�FXWWLQJV�SURFHVVLQJ�HTXLSPHQW��DQG�JHRORJLF�FKDUDFWHULVWLFV
RI�WKH�IRUPDWLRQ�EHLQJ�GULOOHG��$QQLV��������$V�D�JHQHUDO�UXOH��LI�FRPSDUDEOH�FXWWLQJV�FOHDQLQJ�HTXLSPHQW�LV�EHLQJ
XVHG��WKH�DPRXQW�RI�6%)�DGKHULQJ�WR�FXWWLQJV�LQFUHDVHV�DV�FXWWLQJV�SDUWLFOH�VL]H�GHFUHDVHV�DQG�6%)�YLVFRVLW\
LQFUHDVHV�

6HYHUDO�VWXGLHV�KDYH�EHHQ�SHUIRUPHG�RQ�WKH�FRQFHQWUDWLRQ�RI�6%)��2%)��RU�:%)�RQ�SURFHVVHG�FXWWLQJV�GLVFKDUJHG
WR�WKH�RFHDQ��$QQLV��������PHDVXUHG�WKH�SHUFHQW�6%)�RQ�FXWWLQJV�IURP����ZHOOV�GULOOHG�LQ�WKH�*XOI�RI�0H[LFR��$
WRWDO�RI�����FXWWLQJV�VDPSOHV��GULOOHG�ZLWK�3$2�RU�,2��ZHUH�DQDO\]HG��7KH�DYHUDJH�UHWHQWLRQ�RI�V\QWKHWLF�EDVH
PDWHULDO�RQ�FXWWLQJV�ZDV������r�����SHUFHQW��$Q�DYHUDJH�RI������SHUFHQW�3$2�ZDV�UHWDLQHG�RQ�FXWWLQJV��FRPSDUHG�WR
����SHUFHQW�,2��7DEOH�����7KH�SULPDU\�VKDOH�VKDNHU�UHPRYHV�SULPDULO\�FRDUVH�FXWWLQJV�IURP�WKH�6%)��WKH�VHFRQGDU\
VKDOH�VKDNHU�UHPRYHV�ILQHU�JUDLQHG�FXWWLQJV��7KH�FHQWULIXJH�UHPRYHV�WKH�ILQHVW�FXWWLQJV��5HWHQWLRQ�RI�,2�DQG�3$2
RQ�FXWWLQJV�ZDV�KLJKHVW�IRU�WKH�VHFRQGDU\�VKDOH�VKDNHUV�DQG�ORZHVW�IRU�WKH�SULPDU\�VKDOH�VKDNHU�RU�FHQWULIXJH��7DEOH
����7KH�8�6��(3$�LV�FRQVLGHULQJ�UHTXLULQJ�D�EHVW�PDQDJHPHQW�SUDFWLFH�LQYROYLQJ�WUHDWPHQW�RI�HIIOXHQWV�IURP�WKH
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VKDOH�VKDNHUV�E\�FHQWULIXJDWLRQ��7KH�ZHW�FXWWLQJV�IURP�WKH�SULPDU\�DQG�VHFRQGDU\�VKDOH�VKDNHUV�ZRXOG�EH�GLUHFWHG
WR�D�FXWWLQJV�GU\HU��7KH�FXWWLQJV�GU\HU�LV�D�WZR�VWDJH�FHQWULIXJH�V\VWHP��7KH�FRDUVH�FXWWLQJV�SDUWLFOHV�DUH�VHSDUDWHG
LQ�WKH�ILUVW�VWDJH�DQG�GLVFKDUJHG�WR�WKH�RFHDQ��7KH�OLTXLG�IURP�WKH�ILUVW�VWDJH�SDVVHV�WR�WKH�VHFRQG��KLJKHU�VSHHG
FHQWULIXJH�V\VWHP�WKDW�UHPRYHV�WKH�ILQHU�SDUWLFOHV�IURP�WKH�ZDVWH�VWUHDP�

7DEOH�����5HWHQWLRQ�RI�6%)�EDVH�PDWHULDO�RQ�GULOO�FXWWLQJV�SURGXFHG�GXULQJ�RIIVKRUH�GULOOLQJ�LQ�WKH
*XOI�RI�0H[LFR�ZLWK�,2�DQG�3$2�EDVHG�V\QWKHWLF�GULOOLQJ�IOXLGV��)URP�$QQLV��������

6\QWKHWLF
7\SH

'LVFKDUJH�6WUHDP 1XPEHU�RI�6DPSOHV $YH��6\QWKHWLF�5HWDLQHG
���rrrr�6�'��

,2 3ULPDU\�6KDNHU ���� ������r����
6HFRQGDU\�6KDNHU ���� �����r����
&HQWULIXJH ����� �����r����
$OO�6WUHDPV ��� �����r����

3$2 3ULPDU\�6KDNHU ��� �����r����
6HFRQGDU\�6KDNHU ��� �����r����
&HQWULIXJH ����� �����r����
$OO�6WUHDPV ��� �����r����

%RWK 3ULPDU\�6KDNHU ��� �����r����
6HFRQGDU\�6KDNHU ��� ����������������������r����
&HQWULIXJH ���� ������r����
$OO�6WUHDPV ��� �����r����

,Q�WKH�PLG�����V��WKH�8.�JRYHUQPHQW�HVWDEOLVKHG�D�VHDEHG��PRQLWRULQJ�SURJUDP�RI�VLQJOH�ZHOO�VLWHV�GULOOHG�ZLWK
6%)��7ZHQW\�RQH�VLWHV�KDYH�EHHQ�PRQLWRUHG�WR�GDWH��7KH�GLVWULEXWLRQ�RI�6%)V�LQ�VHGLPHQWV�DURXQG�WKH�GLVFKDUJH
VLWHV�ZDV�PRQLWRUHG�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�DQG�DSSUR[LPDWHO\�RQH�\HDU�ODWHU��7KH�RSHUDWRUV�SURYLGHG
HVWLPDWHV�RI�WKH�PDVV�GLVFKDUJHV�RI�GULOO�FXWWLQJV�DQG�6%)V�GLVFKDUJHG�IURP����RI�WKH�SODWIRUPV��LQIRUPDWLRQ�IURP
WKH�RWKHU���ZHOOV�LV�QRW�DYDLODEOH��7KH�YROXPH�RI�6%)�GLVFKDUJHG�ZLWK�FXWWLQJV�IURP�WKH����ZHOOV�UDQJHG�IURP����WR
����PHWULF�WRQV��7DEOH�����(VWLPDWHG�ZHLJKW�SHUFHQW�6%)V�RQ�FXWWLQJV�DUH�DSSUR[LPDWH�EHFDXVH�RI�GLIIHUHQFHV�LQ�WKH
PHWKRGV�XVHG�WR�HVWLPDWH�GULOOLQJ�IOXLG�DQG�FXWWLQJV�ZHLJKWV�DFWXDOO\�GLVFKDUJHG�WR�WKH�RFHDQ�

7KH�PDVV�RI�PXG�RQ�FXWWLQJV�FDQ�EH�HVWLPDWHG�E\�PDVV�EDODQFH��DPRXQW�RI�PXG�XVHG�PLQXV�DPRXQW�UHFRYHUHG�DQG
HVWLPDWHG�DPRXQW�ORVW�WR�WKH�IRUPDWLRQ�HTXDOV�DPRXQW�GLVFKDUJHG�RQ�FXWWLQJV���RU�E\�UHWRUW�RU�RWKHU�FKHPLFDO
DQDO\VLV�RI�WKH�FRQFHQWUDWLRQ�RI�6%)�EDVH�IOXLG�RQ�FXWWLQJV�VDPSOHV��5HWRUWLQJ�HQWDLOV�KHDWLQJ�D�NQRZQ�ZHLJKW�RI
FXWWLQJV�LQ�D�UHWRUW�WR�YDSRUL]H�WKH�OLTXLGV��ZDWHU�DQG�6%)�EDVH�IOXLG���7KH�OLTXLGV�DUH�FRQGHQVHG�DQG�WKHLU�YROXPH
PHDVXUHG�LQ�D�JUDGXDWHG�UHFHLYHU��$QQLV�������

7KH�FRQFHQWUDWLRQ�RI�EDULXP�LQ�FXWWLQJV�DOVR�FDQ�EH�XVHG�WR�HVWLPDWH�WKH�PDVV�RI�GULOOLQJ�IOXLG�VROLGV��KLJK�LQ
EDULXP��DGKHULQJ�WR�FXWWLQJV��)UHTXHQWO\��D�GLVWLQFWLRQ�LV�QRW�PDGH�EHWZHHQ�WKH�PDVV�RI�6%)�EDVH�FKHPLFDO�DQG�WKH
PDVV�RI�WRWDO�6%)��EDVH�FKHPLFDO�DQG�DOO�RWKHU�PXG�LQJUHGLHQWV��RQ�WKH�FXWWLQJV��7KH�GLIIHUHQW�DQDO\WLFDO�PHWKRGV
JLYH�GLIIHUHQW�UHVXOWV��WKH�PDVV�EDODQFH�PHWKRG�LV�SDUWLFXODUO\�VXEMHFW�WR�HUURU�EHFDXVH�RI�WKH�GLIILFXOW\�LQ�DFFXUDWHO\
HVWLPDWLQJ�WKH�YROXPH�RI�GULOOLQJ�IOXLG�ORVW�WR�WKH�JHRORJLFDO�IRUPDWLRQV�EHLQJ�GULOOHG�

:HLJKW�SHUFHQW�6%)�RQ�FXWWLQJV�YDULHG�IURP�����WR����SHUFHQW��7DEOH�����7KH�KLJKHVW�ORDGLQJ�ZDV�RQ�HWKHU�6%)
FXWWLQJV�IURP�D�SODWIRUP�LQ����P�RI�ZDWHU��7KH�RSHUDWRU�DVVXPHG�WKDW�DOO�HWKHU�6%)�QRW�UHFRYHUHG�ZDV�GLVFKDUJHG�WR
WKH�RFHDQ��ZKLFK�PD\�QRW�KDYH�EHHQ�WUXH��7KH�RSHUDWRU�PD\�KDYH�XQGHUHVWLPDWHG�6%)�ORVVHV�WR�WKH�IRUPDWLRQ�
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([FOXGLQJ�WKH�VLQJOH�ZHOO�GULOOHG�ZLWK�DQ�HWKHU�6%)�V\VWHP��WKH�DYHUDJH�SHUFHQW�6%)�RQ�FXWWLQJV�GLVFKDUJHG�WR�WKH
8.�6HFWRU�RI�WKH�1RUWK�6HD�UDQJHG�IURP�����SHUFHQW�IRU�Q�SDUDIILQ�6%)V�WR������SHUFHQW�IRU�OLQHDU�DOSKD�ROHILQ
6%)V�

7DEOH�����(VWLPDWHG�PDVVHV�RI�GULOO�FXWWLQJV�DQG�6%)V�GLVFKDUJHG�WR�WKH�RFHDQ�GXULQJ�GLVFKDUJH�RI�6%)
FXWWLQJV�IURP����ZHOOV�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD��:LWK�SHUPLVVLRQ�RI�WKH�RSHUDWRUV
WKURXJK�WKH�8QLWHG�.LQJGRP�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ��8.22$��

6%)�7\SH &XWWLQJV�'LVFKDUJHG
�PHWULF�WRQV��

6%)�'LVFKDUJHG
�PHWULF�WRQV��

��0XG�RQ�&XWWLQJV

Q�3DUDIILQ��/LQHDU ������ �� ���

3DUDIILQ� ����� �� ���

������ �� ���

������ �� ���

������ �� ���

����� �� ���

����� �� ���

����� ���������������� ������������������

$YHUDJH ����rrrr����
/LQHDU�D�2OHILQ ������ �� ���

������ ���������������� ������������������

����� ���������������� ���

$YHUDJH �����rrrr����
/LQHDU�$ON\OEHQ]HQH ����� �� ������������������

����� �� ���

��������������������� �� ���

$YHUDJH ����rrrr�����
(WKHU ���� ���������������� ������������������

(VWHU ���� �� ������������������

��������������������� �� ���

��������������������� ���������������� ���

$YHUDJH ����rrrr����

L $PRXQWV�RI�GULOOLQJ�IOXLGV�DQG�FXWWLQJV�GLVFKDUJHG�DUH�FRPPRQO\�H[SUHVVHG��LQ�EDUUHOV��YROXPHWULF�XQLWV��RU�PHWULF�WRQV
�JUDYLPHWULF�XQLWV���,Q�PRVW�FDVHV�WKHUH�DUH�LQVXIILFLHQW�GDWD��DYDLODEOH�WR�FRQYHUW�IURP�YROXPHWULF�WR�JUDYLPHWULF�XQLWV���)RU
H[DPSOH��WR�FRQYHUW�D�FXWWLQJV�GLVFKDUJH�JLYHQ�LQ�PHWULF�WRQV�WR�EDUUHOV��RQH�QHHGV�WKH�GHQVLW\�RI�WKH�6%)�DQG�WKH
FRQFHQWUDWLRQ�RI�WKH�6%)�LQ�WKH�FXWWLQJV��WKH�GHQVLW\�RI�GU\�FXWWLQJV�LV�IDLUO\�FRQVWDQW�DQG�HTXDO�WR�DERXW�����J�FF����+RZHYHU�
WKHUH�FDQ�EH�D�ZLGH�YDULDWLRQ�LQ�WKH�GHQVLW\�RI�ZKROH�GULOOLQJ�IOXLGV�DQG�WKH�FRQFHQWUDWLRQ�RI�WKH�IOXLG�LQ�WKH�GLVFKDUJHG
FXWWLQJV��7\SLFDOO\��RQH�PHWULF�WRQ�RI�6%)�FXWWLQJV�ZRXOG�EH�HTXDO�WR�������EDUUHOV�

�����(YDSRUDWLRQ�RI�&KHPLFDOV�IURP�6%)V

%HFDXVH�GULOOLQJ�IOXLGV�DUH�KHDWHG�GXULQJ�XVH�E\�HOHYDWHG�WHPSHUDWXUHV�LQ�WKH�JHRORJLF�IRUPDWLRQ�EHLQJ�GULOOHG��WKHLU
WHPSHUDWXUH�LQ�WKH�PXG�WDQNV�DQG�VKDOH�VKDNHUV�DUH�ZHOO�DERYH�DPELHQW��'XULQJ�GULOOLQJ��GULOOLQJ�PXG�DQG�FXWWLQJV
WHPSHUDWXUHV�XVXDOO\�UDQJH�IURP�DERXW���q&�WR���q&��&DQGOHU�HW�DO���������$W�WKHVH�WHPSHUDWXUHV��VRPH�RI�WKH



��

RUJDQLF�FKHPLFDOV�LQ�WKH�PXGV�HYDSRUDWH�DQG�DUH�GLVSHUVHG�LQ�WKH�YDSRU�SKDVH�RYHU�WKH�PXG�WDQNV�RU�VKDOH�VKDNHUV�
7KHVH�YDSRU�ORVVHV�DUH�RI�LPSRUWDQFH�PDLQO\�EHFDXVH�RI�WKHLU�WR[LFLW\�WKURXJK�LQKDODWLRQ�WR�SHUVRQQHO�ZRUNLQJ�QHDU
WKH�PXG�VWRUDJH�DQG�WUHDWPHQW�V\VWHPV�RQ�WKH�SODWIRUP�

,Q�ODERUDWRU\�HYDSRUDWLRQ�VWXGLHV��RUJDQLF�YDSRU�FRQFHQWUDWLRQV�RYHU�GLIIHUHQW�6%)�EDVH�FKHPLFDOV�KHDWHG�WR���q&
WR���q&�UDQJHG�IURP�����WR����PJ�/��SDUWV�SHU�PLOOLRQ���7DEOH������3$2V�SURGXFHG�WKH�ORZHVW�FRQFHQWUDWLRQV�RI
YDSRUV��/$2V�SURGXFHG�WKH�KLJKHVW�FRQFHQWUDWLRQV��(PLVVLRQV�IURP�HVWHUV�ZHUH�YDULDEOH��SUREDEO\�GXH�WR�YDULDELOLW\
LQ�WKH�DPRXQW�RI�K\GURO\VLV�DQG�UHOHDVH�RI���HWK\OKH[DQRO��WKH�PRVW�FRPPRQ�DOFRKRO�EXLOGLQJ�EORFN�IRU�HVWHUV��LQ
WKH�GLIIHUHQW�VDPSOHV��9DSRUV�IURP�ROHILQ�EDVHG�6%)V�LQFOXGHG�GHFHQH��&��+�����WKDW�LV�WKH�/$2�EXLOGLQJ�EORFN�IRU
&���DQG�&���3$2V��HWK\OHQH��WKDW�LV�WKH�EXLOGLQJ�EORFN�IRU�/$2V��DQG�ORZ�PROHFXODU�ZHLJKW�YRODWLOH�DONDQHV�DQG
DONHQHV�GHULYHG�IURP�6%)�EDVH�FKHPLFDO�V\QWKHVLV�RU�GHJUDGDWLRQ�

7DEOH������&RQFHQWUDWLRQV�RI�RUJDQLF�FKHPLFDOV�LQ�YDSRUV�RYHU�GLIIHUHQW�W\SHV�RI�6%)�EDVH
FKHPLFDOV�KHDWHG�WR����WR���qqqq&�LQ�WKH�ODERUDWRU\��)URP�&DQGOHU�HW�DO���������

6\QWKHWLF�)OXLG�7\SH 6DPSOH�7HPSHUDWXUH��qqqq&� 9DSRU�&RQFHQWUDWLRQ��SSP�

/$2��&��&��� ���¤��� ���¤���

/$2��&��&��� �� ���

,2��&��&��� �� ���

3$2��&��&��� �� �����¤�����

(VWHU�) �� ����������������������������

(VWHU�+ �� ���

(VWHU�3- �� ���

(VWHU�38 �� ���

6%)V�UHOHDVHG�PXFK�VPDOOHU�DPRXQWV�RI�YDSRUV�WKDQ�GLHVHO�RU�PLQHUDO�RLO�EDVHG�GULOOLQJ�IOXLGV�LQ�ERWK�ODERUDWRU\
DQG�ILHOG�VWXGLHV��7DEOH������&DQGOHU�HW�DO���������$�ZDWHU�PLVFLEOH�JO\FRO�IOXLG�SURGXFHG�YDSRU�FRQFHQWUDWLRQV
VLPLODU�WR�WKRVH�RI�WKH�6%)V��2YHUDOO��WKH�DPRXQWV�RI�EDVH�RUJDQLF�FKHPLFDOV�DQG�WKHLU�GHJUDGDWLRQ�SURGXFWV�ORVW�E\
HYDSRUDWLRQ�IURP�WKH�GULOOLQJ�PXG�V\VWHP�DUH�YHU\�VPDOO�

7DEOH������&RPSDULVRQ�RI�DYHUDJH�RUJDQLF�YDSRU�FRQFHQWUDWLRQV�LQ�ODERUDWRU\�DQG�ILHOG�VWXGLHV�RI
HYDSRUDWLRQ�IURP�2%)V��:%)V��DQG�6%)V�

%DVH�)OXLG $YHUDJH�9DSRU�&RQFHQWUDWLRQ

/DERUDWRU\�6WXGLHV��SSP� )LHOG�6WXGLHV��SSP�

'LHVHO ��� �������

0LQHUDO�2LO ��� �����

6\QWKHWLF�)OXLGV ����� �������

:DWHU�6ROXEOH
*O\FRO

����� �������



��

�����'LVSHUVLRQ�RI�6%)V

:KHQ�GLVFKDUJHG�WR�WKH�RFHDQ��1$%)�FXWWLQJV�WHQG�WR�FOXPS�WRJHWKHU�LQ�GLVFUHWH�PDVVHV�WKDW�VHWWOH�UDSLGO\�WR�WKH
ERWWRP��'HOYLJQH��������%UDQGVPD��������:DWHU�FDQQRW�HDVLO\�SHQHWUDWH�WKH�ROHRSK\OOLF�PDVV�RI�FXWWLQJV��VR�WKH\
GR�QRW�GLVSHUVH�HIILFLHQWO\�

*URZFRFN�HW�DO���������HVWLPDWHG�WKH�GLVSHUVLELOLW\�RI�VHYHUDO�6%)V�E\�PL[LQJ�D�6%)�VDPSOH�ZLWK�VHDZDWHU�DQG
DOORZLQJ�WKH�VROLGV�WR�VHWWOH�IRU����PLQXWHV�EHIRUH�PHDVXULQJ�RUJDQLF�PDWWHU��UHSUHVHQWLQJ�WKH�6%)�EDVH�FKHPLFDO�
LQ�WKH�DTXHRXV�SKDVH��7KH�UHODWLYH�GLVSHUVLELOLW\�RI�GLIIHUHQW�GULOOLQJ�PXG�V\VWHPV�PHDVXUHG�WKLV�ZD\�ZDV�

(VWHU�!�'L�(WKHU�!!�/LQHDU�DON\O�EHQ]HQH�!�3$2�!�/RZ�7R[LFLW\�0LQHUDO�2LO

7KLV�RUGHU�RI�GHFUHDVLQJ�GLVSHUVLELOLW\�FRUUHODWHV�IDLUO\�ZHOO�ZLWK�LQFUHDVLQJ�K\GURSKRELFLW\�RI�WKH�RUJDQLF�SKDVH�RI
WKH�IOXLGV��DV�LQGLFDWHG�E\�HVWLPDWHG�DYHUDJH�ORJ�RFWDQRO�ZDWHU�SDUWLWLRQ�FRHIILFLHQWV��ORJ�.RZ���,2V�DQG�/$2V��WKH
PRVW�FRPPRQO\�XVHG�V\QWKHWLFV�WRGD\��VKRXOG�OLH�EHWZHHQ�HVWHUV�DQG�3$2V�LQ�GLVSHUVLELOLW\�

*HWOLII�HW�DO���������UHSRUWHG�WKDW�ORZ�YLVFRVLW\�6%)V��VXFK�DV�/$2�6%)V��DOORZ�EHWWHU�VHSDUDWLRQ�RI�WKH�GULOOLQJ
IOXLG�IURP�WKH�FXWWLQJV�RQ�WKH�VKDOH�VKDNHU�VFUHHQV��&XWWLQJV�ZLWK�ORZHU�FRQFHQWUDWLRQV�RI�DGKHULQJ�6%)V�KDYH�D
OHVVHU�WHQGHQF\�WKDQ�FXWWLQJV�FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV�RI�6%)V�WR�FOXPS��DQG�GLVSHUVLRQ�LV�JUHDWHU�DV�WKH�6%)
FXWWLQJV�VHWWOH�WKURXJK�WKH�ZDWHU�FROXPQ���:KHQ�FXWWLQJV�FRQWDLQLQJ���SHUFHQW�/$2�RU�OHVV��PHDVXUHG�E\�UHWRUW
DQDO\VLV��ZHUH�GLVFKDUJHG��WKH\�GLVSHUVHG�LQ�WKH�ZDWHU�FROXPQ�DQG�QR�FXWWLQJV�SLOH�DFFXPXODWHG�RQ�WKH�ERWWRP�

7KXV��6%)V��SDUWLFXODUO\�HVWHUV�DQG�ORZ�YLVFRVLW\�/$2V�DQG�,2V��DUH�VRPHZKDW�PRUH�GLVSHUVLEOH�WKDQ�2%)V�LQ
VHDZDWHU��+LJKHU�GLVSHUVLELOLW\�DOORZV�WKH�V\QWKHWLF�FRQWDPLQDWHG�FXWWLQJV�WR�GLVSHUVH�DQG�GLOXWH�LQ�WKH�ZDWHU
FROXPQ�DV�WKH�FXWWLQJV�VHWWOH�WR�WKH�ERWWRP��GHFUHDVLQJ�WKH�FRQFHQWUDWLRQ�DQG�LQFUHDVLQJ�WKH�DUHDO�H[WHQW�RI�FXWWLQJV
DFFXPXODWLRQ�RQ�WKH�VHDIORRU��,QFUHDVLQJ�WKH�GLVSHUVLELOLW\�RI�6%)�FXWWLQJV�PD\�GHFUHDVH�WKH�PDJQLWXGH�RI
ELRORJLFDO�HIIHFWV�LQ�VHGLPHQWV��(IIHFWLYH�GLVSHUVLRQ�RI�6%)�FXWWLQJV�LQ�WKH�ZDWHU�FROXPQ�LV�QRW�OLNHO\�WR�KDYH
ELRORJLFDOO\�VLJQLILFDQW�DGYHUVH�HIIHFWV�RQ�ZDWHU�FROXPQ�RUJDQLVPV��:%)V�DQG�:%)�FXWWLQJV��ZKLFK�GR�GLVSHUVH�LQ
WKH�ZDWHU�FROXPQ��GR�QRW�FDXVH�DGYHUVH�HIIHFWV�LQ�ZDWHU�FROXPQ�RUJDQLVPV��1DWLRQDO�5HVHDUFK�&RXQFLO�������

�����$FFXPXODWLRQ�RI�6%)�&XWWLQJV�RQ�WKH�6HD�)ORRU

%HFDXVH�PRVW�6%)�DQG�2%)�FXWWLQJV�GR�QRW�GLVSHUVH�HIILFLHQWO\�LQ�WKH�ZDWHU�FROXPQ�IROORZLQJ�GLVFKDUJH��WKH\�VHWWOH
UDSLGO\�WKURXJK�WKH�ZDWHU�FROXPQ�DQG�DFFXPXODWH�RQ�WKH�ERWWRP�QHDU�WKH�SODWIRUP�GLVFKDUJH�VLWH��8VXDOO\��WKH
FXWWLQJV�GLVFKDUJH�RQ�D�SODWIRUP�LV�ORFDWHG�LQ�WKH�XSSHU�ZDWHU�FROXPQ�ZLWKLQ�������P�RI�WKH�VHD�VXUIDFH��+RZHYHU�
VRPHWLPHV�FXWWLQJV�DUH�VKXQWHG�WR�RU�QHDU�WKH�ERWWRP�IURP�IL[HG�SODWIRUPV��&RUGDK��������7KH�HIIHFW�RI�VKXQWLQJ�LV
WR�GHFUHDVH�WKH�DUHD�RI�WKH�VHD�IORRU�RYHU�ZKLFK�FXWWLQJV�DFFXPXODWH�DQG�WR�LQFUHDVH�WKH�PDVV�RI�FXWWLQJV�GHSRVLWHG
SHU�XQLW�DUHD�QHDU�WKH�ZHOO�VLWH�

&XWWLQJV�GLVFKDUJHV�KDYH�EHHQ�PRQLWRUHG�IRU�PRUH�WKDQ����\HDUV�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD��8QLWHG
.LQJGRP�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ�DQG�8QLWHG�.LQJGRP�'HSDUWPHQW�RI�7UDGH�DQG�,QGXVWU\���������&XWWLQJV
SLOHV�ZHUH�GRFXPHQWHG�DURXQG�DSSUR[LPDWHO\����PXOWLZHOO�SODWIRUPV��IURP�ZKLFK�PRVW�ZHOOV�ZHUH�GULOOHG�ZLWK
2%)V��LQ�WKH�GHHSHU�FHQWUDO�DQG�QRUWKHUQ�SDUWV�RI�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD��&XWWLQJV�SLOHV�QHDU�PXOWL�ZHOO
SODWIRUPV�WKDW�GLVFKDUJHG�2%)�FXWWLQJV�ZHUH�XS�WR����P�KLJK��EXW�PRVW�ZHUH�OHVV�WKDQ����P�KLJK��&RUGDK��������$
W\SLFDO�FXWWLQJV�SLOH�IRRWSULQW�ZDV�OHVV�WKDQ����P�LQ�GLDPHWHU�DQG�WKHUHIRUH�RFFXSLHG�OHVV�WKDQ�������P��RI�VHD�IORRU�
&XWWLQJV�SLOHV�XVXDOO\�GLG�QRW�IRUP�QHDU�SODWIRUPV�LQ�WKH�VRXWKHUQ��VKDOORZHU�DUHDV�RI�WKH�1RUWK�6HD��WKH�GHSRVLWHG
FXWWLQJV�ZHUH�UHVXVSHQGHG�DQG�GLVSHUVHG�RYHU�D�ZLGH�DUHD�E\�VWRUP�GULYHQ�FXUUHQWV�

6HYHUDO�PRQLWRULQJ�SURJUDPV�KDYH�EHHQ�SHUIRUPHG�WR�GRFXPHQW�WKH�GLVWULEXWLRQ�DQG�IDWH�RI�6%)�FXWWLQJV�LQ
VHGLPHQWV�QHDU�RIIVKRUH�H[SORUDWLRQ�DQG�SURGXFWLRQ�SODWIRUPV�DQG��LQ�VRPH�FDVHV��WR�DVVHVV�WKH�HIIHFWV�RI�FXWWLQJV
DFFXPXODWLRQV�RQ�EHQWKLF�FRPPXQLWLHV��)LHOG�VWXGLHV�WKDW�LQFOXGHG�ERWK�FKHPLFDO�DQG�ELRORJLFDO�DVVHVVPHQWV�DUH
VXPPDUL]HG�LQ�7DEOH�����$FFXPXODWLRQ�DQG�IDWHV�RI�6%)�FXWWLQJV�LQ�VHGLPHQWV�DUH�GLVFXVVHG�LQ�WKH�SDUDJUDSKV�WKDW
IROORZ��ELRORJLFDO�HIIHFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�DUH�GLVFXVVHG�ODWHU�LQ�WKLV�UHYLHZ�XQGHU�%LRORJLFDO�(IIHFWV�RI
6%)�&XWWLQJV�'LVFKDUJHV�



��

$V�SDUW�RI�WKH�6%)�FXWWLQJV�GLVFKDUJH�VWXGLHV�LQ�WKH�8.�6HFWRU��VHDEHG�VXUYH\V�ZHUH�SHUIRUPHG�WR�GRFXPHQW�WKH
SUHVHQFH�RI�FXWWLQJV�SLOHV�RQ�WKH�VHDEHG�QHDU�VRPH�RI�WKH�VLQJOH�ZHOO�GULOOLQJ�RSHUDWLRQV�OLVWHG�LQ�7DEOH����7KH�KHLJKW
DQG�DUHD�RI�FXWWLQJV�SLOHV�YDULHG�ZLGHO\��7DEOH������&XWWLQJV�SLOH�KHLJKWV�UDQJHG�IURP�QRW�HYLGHQW��QR�YLVLEOH�SLOH��WR
��P��+HLJKW�ZDV�QRW�PHDVXUHG�DW�DQ\�VLWH�LQ�ERWK�\HDUV���DQG����VR�WHPSRUDO�FKDQJHV�FDQ�QRW�EH�LQIHUUHG��7KH�DUHD
RI�WKH�6%)�FXWWLQJV�SLOHV�YDULHG�IURP�QRW�HYLGHQW�WR��������P�������NP����7KH�GHSWK�RI�SHQHWUDWLRQ�RI�6%)�FXWWLQJV
LQWR�ERWWRP�VHGLPHQWV�ZDV������P�RU�OHVV�LQ�DOO�FDVHV��7KHUH�ZDV�QR�GLVFHUQDEOH�UHODWLRQVKLS�EHWZHHQ�WKH�KHLJKW�DQG
DUHD�RI�FXWWLQJV�SLOHV�RQ�WKH�RQH�KDQG�DQG�6%)�W\SH��ZDWHU�GHSWK��RU�PDVV�RI�FXWWLQJV�GLVFKDUJHG�RQ�WKH�RWKHU��7KLV
PD\�EH�GXH�WR�LQVXIILFLHQW�VDPSOLQJ�WR�FKDUDFWHUL]H�WKHVH�IDFWRUV��,W�LV�SUREDEOH�WKDW�GLVFKDUJH�GHSWK��UDWH�DQG�WRWDO
PDVV�RI�GLVFKDUJH��DQG�WLGDO��UHVLGXDO��DQG�VWRUP�FXUUHQWV�DUH�WKH�PDLQ�GHWHUPLQDQWV�RI�WKH�GLPHQVLRQV�RI�FXWWLQJV
SLOHV�QHDU�RIIVKRUH�SODWIRUPV�

,2�FXWWLQJV�ZHUH�GLVFKDUJHG�WR�WKH�7LPRU�6HD�RII�QRUWKHUQ�$XVWUDOLD�IURP�D�SODWIRUP�LQ����P�RI�ZDWHU��0F,OUR\
�������$IWHU�FRPSOHWLRQ�RI�GULOOLQJ��6%)�FXWWLQJV�ZHUH�REVHUYHG�PL[HG�ZLWK�WKH�VDQG\�VHGLPHQWV�DW�WKH�VLWH�DQG�DV
VPDOO��GLVFUHWH�PRXQGV��$�VWRUP�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�DSSDUHQWO\�KDG�GLVSHUVHG�WKH�FXWWLQJV�RYHU�D
ZLGH�DUHD�DW�WKLV�VKDOORZ�ZDWHU�GULOOLQJ�VLWH��6LPLODU�REVHUYDWLRQV�ZHUH�PDGH�E\�7HUUHQV�HW�DO���������QHDU�D�GULOOLQJ
SODWIRUP�LQ�DERXW����P�RI�ZDWHU�LQ�WKH�%DVV�6WUDLW�RI�$XVWUDOLD��D�KLJK�HQHUJ\�PDULQH�DUHD�RII�WKH�VRXWKHDVW�FRDVW��$
YLGHR�VXUYH\�RI�WKH�VHD�IORRU�QHDU�WKH�SODWIRUP�UHYHDOHG�SDWFKHV�RI�HVWHU�EDVHG�6%)�FXWWLQJV�LQWHUVSHUVHG�ZLWK�FOHDQ
VHGLPHQWV��7KH�FXWWLQJV�DFFXPXODWLRQV�ZHUH�QRW�WKLFN�HQRXJK�WR�REVFXUH�ULSSOHV�LQ�WKH�VHGLPHQW��7KH�FXWWLQJV
SDWFKHV�ZHUH�QRW�HYLGHQW�DW�D�GLVWDQFH�RI�����P�IURP�WKH�SODWIRUP�

,Q�DQRWKHU�VWXG\��WKH�GLPHQVLRQV�RI�WKH�FXWWLQJV�SLOH�ZHUH�PDSSHG�ZLWK�D��'�VRQDU�LPDJLQJ�V\VWHP�IROORZLQJ
GULOOLQJ�RI�D�ZHOO�LQ����P�RI�ZDWHU�ZLWK�HWKHU�6%)�LQ�WKH�8.�VHFWRU�RI�WKH�1RUWK�6HD��+DUWOH\��������&XWWLQJV�ZHUH
GLVWULEXWHG�LQ�VXUIDFH�VHGLPHQWV�LQ�D�ULQJ�DURXQG�WKH�ZHOO�VLWH��7KH�PD[LPXP�KHLJKW�RI�WKH�FXWWLQJV�SLOH�ZDV�OHVV
WKDQ���P�DQG�FXWWLQJV�DFFXPXODWLRQV�DERYH�WKH�RULJLQDO�VHDEHG�OHYHO�H[WHQGHG�RXW�WR����WR����P�IURP�WKH�GULOO�VLWH�
,W�LV�SUREDEOH�WKDW�PRVW�RI�WKH�DFFXPXODWHG�FXWWLQJV�LQ�WKH�SLOH�ZHUH�GHSRVLWHG�GXULQJ�VSXGGLQJ�RI�WKH�ZHOO�EHIRUH
KRRNXS�WR�WKH�ULVHU��+RZHYHU��KLJK�FRQFHQWUDWLRQV�RI�WKH�HWKHU�6%)�EDVH�FKHPLFDO�ZHUH�GHWHFWHG�LQ�WKH�FXWWLQJV�SLOH�
LQGLFDWLQJ�WKDW�VRPH�RI�WKH�SLOH�ZDV�GHULYHG�IURP�FXWWLQJV�GLVFKDUJHV�IURP�WKH�SODWIRUP�

6%)�FXWWLQJV�SLOHV�DOVR�DSSHDU�WR�EH�VPDOO�DW�GHHS�ZDWHU�GULOOLQJ�VLWHV��7KH�IDWH�RI�6%)�FXWWLQJV�ZDV�PRQLWRUHG�QHDU
D�GULOOLQJ�ULJ�LQ�����P�RI�ZDWHU�VRXWK�RI�WKH�0LVVLVVLSSL�5LYHU�LQ�WKH�QRUWKHUQ�*XOI�RI�0H[LFR��*DOODZD\�HW�DO�������
)HFKKHOP�HW�DO���������'LVFKDUJHV�IURP�WKH�ULJ�LQFOXGHG������EEOV�RI�:%)�FXWWLQJV�������EEOV�RI�6%)�FXWWLQJV��DQG
DQ�HVWLPDWHG������EEOV�RI�3HWURIUHH�/(��D�6%)�EDVH�PDWHULDO�FRQWDLQLQJ����SHUFHQW�/$2�DQG����SHUFHQW�HVWHU��

7KH�VHD�IORRU�QHDU�WKH�GULOOLQJ�WHPSODWH�ZDV�VXUYH\HG�ZLWK�D�UHPRWHO\�RSHUDWHG�YHKLFOH��529���7KHUH�ZDV�QR
HYLGHQFH�RI�FXWWLQJV�SLOHV�RI�WKH�VL]HV�UHSRUWHG�IRU�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD��,QVWHDG��WKHUH�ZDV�D�WKLQ�YHQHHU
RI�FXWWLQJV�GLVSHUVHG�RYHU�PXFK�RI�WKH�ERWWRP�LQ�D�SDWFK\�GLVWULEXWLRQ�QHDU�WKH�GULOOLQJ�WHPSODWH��0D[LPXP�FXWWLQJV
DFFXPXODWLRQV�DSSHDUHG�WR�EH����WR����FP�WKLFN�LQ�VRPH�ORFDWLRQV��7KH�ODUJHVW�GHSRVLWV�RI�ODUJH��FKXQN�OLNH�FXWWLQJV
ZHUH�GHWHFWHG�D�VKRUW�GLVWDQFH�VRXWKZHVW�RI�WKH�WHPSODWH��7KHVH�FXWWLQJV�DFFXPXODWLRQV�SUREDEO\�ZHUH�GHULYHG�IURP
GLUHFW�GULOOLQJ�UHWXUQV�WR�WKH�VHD�ERWWRP�GXULQJ�LQLWLDO�GULOOLQJ�ZLWK�:%)�EHIRUH�WKH�ULVHU�ZDV�LQVWDOOHG��7KHUH�ZDV�QR
FOHDU�JUDGLHQW�RI�6%)�FXWWLQJV�FRQFHQWUDWLRQV�ZLWK�GLVWDQFH�IURP�WKH�ULJ�VLWH� ��

'ULOOLQJ�IOXLG�DQG�FXWWLQJV�GLVFKDUJHV�DW�WKH�VLWH�RFFXUUHG�EHWZHHQ�0D\������DQG�0DUFK�������DQG�DJDLQ�LQ
)HEUXDU\�DQG�0DUFK�������6HGLPHQW�VDPSOHV�ZHUH�FROOHFWHG�DW�GLIIHUHQW�GLVWDQFHV�DQG�GLUHFWLRQV�IURP�WKH�WHPSODWH
IRU�DQDO\VLV�RI�6%)�EDVH�FKHPLFDOV�LQ�-XO\������DQG�0DUFK�������+LJKHVW�FRQFHQWUDWLRQV�RI�/$2�ZHUH�GHWHFWHG�LQ
VXUILFLDO����¤���FP��VHGLPHQWV�QRUWKHDVW�RI�WKH�GULOOLQJ�VLWH��7DEOH������7KH\�SUREDEO\�ZHUH�FDUULHG�WR�WKH�QRUWKHDVW
IURP�WKH�ULJ�E\�WKH�SUHYDLOLQJ�PLG�ZDWHU�RFHDQ�FXUUHQWV��7KH�KLJKHVW�/$2�FRQFHQWUDWLRQ�PHDVXUHG�LQ������ZDV
��������PJ�NJ�LQ�VXUILFLDO�VHGLPHQW�IURP�D�ORFDWLRQ����P�QRUWKHDVW�RI�WKH�WHPSODWH��,Q�0DUFK�������VXUILFLDO
VHGLPHQW�IURP�WKH�VDPH�ORFDWLRQ�FRQWDLQHG���������PJ�NJ�/$2��,Q�-XO\�������/$2�FRQFHQWUDWLRQV�LQ�VXUILFLDO
VHGLPHQWV�IURP�RWKHU�ORFDWLRQV�QHDU�WKH�ULJ�VLWH�UDQJHG�IURP�����WR��������PJ�NJ��LQ�0DUFK�������/$2
FRQFHQWUDWLRQV�LQ�VXUILFLDO�VHGLPHQWV�ZHUH�ORZHU��H[FHSW�IRU�WKH�RQH�KLJK�YDOXH���UDQJLQJ�IURP����WR��������PJ�NJ
�GHSWK�GLVWULEXWLRQ���7KH�PHDQ�FRQFHQWUDWLRQ�RI�/$2�LQ�VXUILFLDO�VHGLPHQWV��DOO�VDPSOLQJ�VWDWLRQV�FRPELQHG��ZDV
������PJ�NJ�LQ������DQG�������PJ�NJ�LQ������
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7DEOH������6XPPDU\�RI�ILHOG�VWXGLHV�RI�WKH�IDWHV�DQG�HIIHFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�WR�WKH�RFHDQ��$OO�VWXGLHV�DUH�GLVFXVVHG�LQ�WKH�WH[W�

6%)�7\SH :DWHU�'HSWK
�P�

&XWWLQJV
'LVFKDUJH

)LHOG�6XUYH\V 6%)�)DWHV 6%)�(IIHFWV 5HIHUHQFH

1RUWK�6HD
(VWHU �� ����PW ���SUH��������	���

PRQWKV�
�����P��HVWHU�FRQFHQWUDWLRQV�WR
������PJ�NJ�DW���PRV���VWLOO
GHWHFWHG�DIWHU����PRV�
!����P��HVWHUV�QHDU
EDFNJURXQG��(VW��WÙ�a�����G�

$W���PRV���VHGLPHQWV�WR����P
DQDHURELF��%HQWKLF�IDXQD
GLPLQLVKHG������P��PLQRU
HIIHFWV�!����P��(YLGHQFH�RI
VRPH�UHFRYHU\������P�DIWHU
���PRV�

'DDQ�HW�DO������

(VWHU �� �����PW ���DW�HQG�RI
GULOOLQJ����	���\�

�����P�DFFXPXODWLRQ�RI�KLJK
FRQF��RI�HVWHU��'HFUHDVH�DIWHU��
	���\HDUV�

,PSRYHULVKHG�IDXQD������P�
QR�LPSDFWV�!����P��UHFRYHU\
DIWHU���\HDU�

6PLWK�	�+REEV
������6PLWK�	�0D\
������6PLWK�	
0RRUH�����

8QNQRZQ
�SUREDEO\�HVWHU�

1RW�UHSRUWHG ����PW ��3RVW�GULOOLQJ /RZ�6%)�WR���NP�RI�VLWH� %HQWKLF�IDXQD�QRUPDO� %DNNH�HW�DO������

(VWHU 1RW�UHSRUWHG ���P� ��3RVW�GULOOLQJ 0RVW�HVWHU�FORVH�WR�VLWH��ORZ
FRQFHQWUDWLRQV�WR�����P

%HQWKLF�IDXQD�KLJKO\�GLYHUVH�
PLQRU�HIIHFWV�WR�����P

%DNNH�HW�DO������

(WKHU 1RW�UHSRUWHG ����PW ��3RVW�GULOOLQJ (OHYDWHG�FRQFHQWUDWLRQ�WR���NP
GRZQ�FXUUHQW�

%HQWKLF�IDXQD�QHDU�VLWH�KDG
UHGXFHG�GLYHUVLW\��(IIHFWV�WR
��NP�GRZQ�FXUUHQW������P�LQ
RWKHU�GLUHFWLRQV

%DNNH�HW�DO������

3$2 1RW�UHSRUWHG ���PW ��3RVW�GULOOLQJ 6%)�ORZ�EXW�GHWHFWHG�WR���NP
IURP�VLWH�

%HQWKLF�IDXQD�DIIHFWHG�WR
����P�IURP�VLWH�

%DNNH�HW�DO������

(VWHU ��� ����PW ���SRVW�GULOOLQJ
	���\HDU�

+LJKHVW�HVWHU�FRQFHQWUDWLRQ
������PJ�NJ�DW����P�DIWHU
GULOOLQJ�GURSSHG�WR������PJ�NJ
DIWHU���\HDU��6RPH
FRQWDPLQDWLRQ�WR�����P�

1XPEHUV�RI�LQGLYLGXDOV
LQFUHDVHG��VSHFLHV�QXPEHUV
DQG�GLYHUVLW\�GHFUHDVHG�DW
VWDWLRQV�ZLWK�KLJKHVW�HVWHU
FRQF�

8.22$��XQSXE�

/LQHDU�3DUDIILQ �� �� ��3RVW�GULOOLQJ 8QHYHQ�GLVWULEXWLRQ�LQ�VHGLPHQW
WR�������PJ�NJ�DW����P�

$EXQGDQFH�RI�EHQWKLF�IDXQD
DQG�QR��RI�WD[D�GHFUHDVHG�ZLWK
LQFUHDVLQJ�6%)�FRQF�

8.22$��XQSXE�
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7DEOH������6XPPDU\�RI�ILHOG�VWXGLHV�RI�WKH�IDWHV�DQG�HIIHFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�WR�WKH�RFHDQ���FRQWLQXHG�

6%)�7\SH :DWHU�'HSWK
�P�

&XWWLQJV
'LVFKDUJH

)LHOG�6XUYH\V 6%)�)DWHV 6%)�(IIHFWV 5HIHUHQFH

1RUWK�6HD��FRQWLQXHG�
/LQHDU�3DUDIILQ 1RW�UHSRUWHG �����PW ��3RVW�GULOOLQJ +LJKHVW�/3�FRQFHQWUDWLRQ�

�������PJ�NJ�DW�����P�IURP
VLWH��'LVWULEXWLRQ�RI�6%)�YHU\
XQHYHQ�

$EXQGDQFH�RI�EHQWKLF�IDXQD
KLJK�DW�PRVW�KHDYLO\
FRQWDPLQDWHG�VLWHV��EXW
QXPEHU�RI�WD[D�ORZ��2UJDQLF
HQULFKPHQW�HIIHFW�

8.22$��XQSXE�

,UHODQG
/3�/$2�3$2 ��� 1RW�UHSRUWHG ���DW�HQG�RI

GULOOLQJ����	���\�
+LJKHVW�6%)�FRQFHQWUDWLRQ
������PJ�NJ�ZLWKLQ�����P�RI
VLWH��6XEVWDQWLDO�GHFOLQH�LQ
6%)�LQ���\HDUV�

6RPH�VHGLPHQW�DQR[LD��/3�DQG
/$2�GHJUDGHG�E\������LQ��
\HDUV��/LWWOH�RU�QR�GHJUDGDWLRQ
RI�3$2�LQ���\HDUV�

*DUGOLQH�����

*XOI�RI�0H[LFR
3$2 �� ���PW��HVW�� ����G���P��	��\

DIWHU�GULOOLQJ
6%)�DQG�%D�XQHYHQO\
GLVWULEXWHG�LQ�VHGLPHQWV�WR
��������PJ�NJ�DW����P��6%)
FRQFHQWUDWLRQ�GHFOLQHG�WR�PD[
RI��������PJ�NJ�DW���\�

$IWHU���\��QR�HIIHFWV�RQ�EHQWKLF
IDXQD�PRUH�WKDQ����P�IURP
VLWH��'HFUHDVHG�QXPEHUV�RI
LQGLYLGXDOV�DQG�WD[D�DW
FRQWDPLQDWHG�VWDWLRQV�����P�

&DQGOHU�HW�DO������

8QNQRZQ
�SUREDEO\�,2�

���¤������
ULJV�

���������EEO ������PRV��$IWHU
GULOOLQJ

+LJKHVW�6%)�FRQF��������
�������PJ�NJ�DW����P�

&RQWDPLQDWHG�VHGLPHQWV
DQR[LF��6HGLPHQWV�QRW�WR[LF�

&RQWLQHQWDO�6KHOI
$VVRFLDWHV������

/$2�(VWHU ��� ������EEO 6KRUWO\�DIWHU
GULOOLQJ

9HU\�SDWFK\�6%)�GLVWULEXWLRQ
WR�D�PD[��RI���������PJ�NJ�DW
���P�

,QFUHDVH�LQ�QXPEHUV�RI�EHQWKLF
IDXQD�EXW�GHFUHDVH�LQ�WD[D�DW
PRVW�KHDYLO\�FRQWDPLQDWHG
ORFDWLRQV��)LVK�DWWUDFWHG�WR�VLWH�

*DOODZD\�HW�DO������

$XVWUDOLD
(VWHU �� ������P� ���SUH�GULOOLQJ�WR

���PRV�DIWHU
GULOOLQJ��

(VWHU�FRQF��GHFOLQHG�UDSLGO\
IURP�PD[�RI��������PJ�NJ
DIWHU�GULOOLQJ�WR�����PJ�NJ��
PRV�ODWHU�

&KDQJH�LQ�EHQWKLF�FRPPXQLW\
VWUXFWXUH�ZLWKLQ�����P�RI
SODWIRUP�VKRUWO\�DIWHU�GULOOLQJ
ZLWK�UHFRYHU\�ZLWKLQ���PRV�

7HUUHQV�HW�DO������
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,Q�������/$2�FRQFHQWUDWLRQV�LQ�VXEVXUIDFH����¤���FP��VHGLPHQWV�ZHUH�ORZHU�WKDQ�WKRVH�LQ�VXUILFLDO�VHGLPHQWV�DW�DOO
EXW�RQH�VWDWLRQ��DORQJ�WKH�PRVW�KHDYLO\�FRQWDPLQDWHG�QRUWKHDVW�WUDQVHFW���7DEOH������,Q�0DUFK�������/$2
FRQFHQWUDWLRQV�LQ�VXEVXUIDFH�VHGLPHQWV�IURP�VHYHUDO�VWDWLRQV�ZHUH�HTXDO�WR�RU�KLJKHU�WKDQ�WKRVH�LQ�VXUILFLDO
VHGLPHQWV�IURP�WKH�VDPH�VWDWLRQV��7KHVH�UHVXOWV�VXJJHVW�WKDW�6%)�FXWWLQJV�PL[HG�GRZQZDUG�LQWR�WKH�VLWH�VHGLPHQWV
LQ�WKH�\HDU�DIWHU�WKH�ILUVW�GULOOLQJ�DFWLYLWLHV��$YHUDJH�/$2�FRQFHQWUDWLRQV�LQ�WKH���¤���FP�OD\HU�RI�VHGLPHQWV�ZHUH
����PJ�NJ�LQ������DQG�������PJ�NJ�LQ������

7DEOH������'LPHQVLRQV�RI�6%)�FXWWLQJV�SLOHV�QHDU����VLQJOH�ZHOO�SODWIRUPV�GULOOHG�ZLWK�6%)V�LQ�WKH�8.
6HFWRU�RI�WKH�1RUWK�6HD��:LWK�SHUPLVVLRQ�RI�WKH�RSHUDWRUV�WKURXJK�WKH�8QLWHG�.LQJGRP
2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ��8.22$��

6%) 'HSWK
�P�

&XWWLQJV
�7RQQHV�

0D[��+HLJKW�RI
&XWWLQJV�3LOH��P�

0D[��'HSWK�RI
&XWWLQJV�3LOH��P�

$UHD�RI�3LOH��P��

<� <� <� <� <� <�
Q�3DU ���� ������� 1$ ��� ���� ���� ������ �����

��� ������� ��� ��� 1$ ���� ��������� �����
��� ����� 1( 1$ ���� 1$ 1( 1$

/3 ���� ������ 1$ ��� ���� ���� 1$ �����
���� ������ ��� 1$ ���� ���� ������� ������
��� ������ 1( 1$ 1$ 1$ ������ 1$
��� ����� 1$ ��� ���� ���� 1$ ������
���� 1$ ��� 1$ ���� 1$ ������� 1$

/$2 ���� ����� 1$ ��� 1$ ���� ������� ������
���� 1$ 1( 1( 1$ 1$ 1$ 1$

(VWHU ��� ����� 1$ ��� 1$ ���� 1$ �
��� ����� 1$ ��� ���� ���� ������ 1(

1$�1RW�DQDO\]HG
1(�1RW�HYLGHQW
�'HSWK�RI�SHQHWUDWLRQ�LQWR�ERWWRP�VHGLPHQW

7KLV�VWXG\�VKRZHG�WKDW�6%)�FXWWLQJV�DUH�GLVWULEXWHG�YHU\�KHWHURJHQHRXVO\�LQ�VXUIDFH�DQG�VXEVXUIDFH�VHGLPHQWV
DURXQG�GHHS�ZDWHU�GULOOLQJ�VLWHV��7KLV�H[WUHPHO\�XQHYHQ�GLVWULEXWLRQ�RI�FXWWLQJV�RQ�WKH�ERWWRP�LV�FDXVHG�E\
FOXPSLQJ�RI�WKH�K\GURSKRELF�6%)�FRDWHG�FXWWLQJV��7KH\�VHWWOH�WKURXJK�WKH�ZDWHU�FROXPQ�DV�ODUJH�FOXPSV�RI�VROLGV�
UDWKHU�WKDQ�DV�D�ILQHO\�GLVSHUVHG�UDLQ�RI�SDUWLFOHV��DV�VRPH�:%)�FXWWLQJV�GR��7KH�VHGLPHQW�VDPSOHV�FRQWDLQLQJ�WKH
KLJKHVW�FRQFHQWUDWLRQV�RI�6%)�EDVH�FKHPLFDO�DSSDUHQWO\�DUH�¦SXUH§�6%)�FXWWLQJV�ZLWK�OLWWOH�RU�QR�DGPL[WXUH�RI
ERWWRP�VHGLPHQWV��7KH�ORFDWLRQV�RI�GLVFUHWH�6%)�FXWWLQJV�DFFXPXODWLRQV�RQ�WKH�ERWWRP�LV�FRQWUROOHG�E\�WKH�GLUHFWLRQ
DQG�YHORFLW\�RI�ZDWHU�FXUUHQWV�DW�GLIIHUHQW�GHSWKV�LQ�WKH�ZDWHU�FROXPQ��$W�WKH�3RPSDQR�,,�VLWH��ERWWRP�FXUUHQWV�ZHUH
WRZDUG�WKH�VRXWKZHVW��WKHUHIRUH��PXG�DQG�FXWWLQJV�GLVFKDUJHG�GXULQJ�LQLWLDO�VSXGGLQJ�RI�WKH�ZHOOV�VHWWOHG�WR�WKH
VRXWKZHVW�RI�WKH�WHPSODWH��+RZHYHU��6%)�FXWWLQJV�GLVFKDUJHG�IURP�WKH�GULOOLQJ�ULJ�SDVVHG�WKURXJK�D�]RQH�RI�PLG�
ZDWHU�FXUUHQWV�PRYLQJ�WRZDUG�WKH�QRUWKHDVW��0RVW�RI�WKH�GLVFKDUJHG�FXWWLQJV�DFFXPXODWHG�WR�WKH�QRUWKHDVW�RI�WKH
SODWIRUP��$Q�HVWLPDWHG�DUHD�RI�������P��RI�VHGLPHQWV��QHDUO\����SHUFHQW�RI�ZKLFK�ZDV�QRUWKHDVW�RI�WKH�WHPSODWH�
FRQWDLQHG��������PJ�NJ�RU�PRUH�RI�/$2�DW�WKH�WLPH�RI�WKH�-XO\������DQG�0DUFK������VXUYH\V�

&DQGOHU�HW�DO���������PRQLWRUHG�WKH�DFFXPXODWLRQ�DQG�IDWH�RI�D�3$2�6%)�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�����P�RI
ZDWHU�LQ�WKH�*XOI�RI�0H[LFR��)LHOG�VXUYH\V�ZHUH�SHUIRUPHG���GD\V����PRQWKV��DQG����PRQWKV�DIWHU�FRPSOHWLRQ�RI
GULOOLQJ��$FFXPXODWLRQ�RI�6%)�LQ�VHGLPHQWV�ZDV�PRQLWRUHG�DV�WRWDO�SHWUROHXP�K\GURFDUERQV��73+��DQG�EDULXP�
7KHUH�ZDV�D�JRRG�FRUUHODWLRQ�EHWZHHQ�FRQFHQWUDWLRQV�RI�WKH�WZR�6%)�WUDFHUV��6%)��DV�73+��DQG�EDULXP�ZHUH�YHU\
XQHYHQO\�GLVWULEXWHG�LQ�VHGLPHQWV�QHDU�WKH�SODWIRUP�RYHU�WLPH��7DEOH������6KRUWO\�DIWHU�GULOOLQJ��KLJKHVW�6%)
FRQFHQWUDWLRQV�LQ�VHGLPHQWV�ZHUH�����P�QRUWK���������PJ�NJ��DQG����P�VRXWK����������PJ�NJ��RI�WKH�SODWIRUP�
$IWHU�HLJKW�PRQWKV��WKH�KLJKHVW�6%)�FRQFHQWUDWLRQ�LQ�VHGLPHQWV�ZDV����P�ZHVW���������PJ�NJ��RI�WKH�GLVFKDUJH

------------------------------------------------------
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SRLQW��7ZR�\HDUV�DIWHU�GULOOLQJ���������PJ�NJ�RI�6%)�ZDV�PHDVXUHG�LQ�VXUIDFH�VHGLPHQWV����P�VRXWK�RI�WKH�SODWIRUP
VLWH��7KHVH�IRXU�VHGLPHQW�VDPSOHV�ZHUH�WKH�RQO\�RQHV�FRQWDLQLQJ�PRUH�WKDQ��������PJ�NJ�6%)��6XUIDFH�VHGLPHQWV
FRQWDLQLQJ�PRUH�WKDQ�������PJ�NJ�6%)�ZHUH�ORFDWHG����������DQG�����P�QRUWK�����DQG�����P�VRXWK�����DQG����P�WR
WKH�ZHVW��DQG����P�WR�WKH�HDVW�RI�WKH�GLVFKDUJH�VLWH�QLQH�GD\V�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��$IWHU�HLJKW�PRQWKV�DQG
WZR�\HDUV��VHGLPHQWV�FRQWDLQLQJ�PRUH�WKDQ�������PJ�NJ�6%)�ZHUH�UHVWULFWHG�WR�ZLWKLQ����P�RI�WKH�GULOOLQJ�VLWH�
%HWZHHQ�QLQH�GD\V�DQG�WZR�\HDUV�DIWHU�GULOOLQJ��6%)�DQG�EDULWH�FRQFHQWUDWLRQV�GHFUHDVHG�LQ�VHGLPHQWV�FROOHFWHG
IURP�PRUH�WKDQ����P�IURP�WKH�GLVFKDUJH�DQG�IOXFWXDWHG�HUUDWLFDOO\�LQ�VHGLPHQWV����P�IURP�WKH�GLVFKDUJH�VLWH��7KH
WRWDO�HVWLPDWHG�DUHD�RI�VHD�IORRU�FRQWDPLQDWHG�ZLWK�������WR��������PJ�NJ�6%)�GHFUHDVHG�E\����SHUFHQW�IURP
�������P��VKRUWO\�DIWHU�GULOOLQJ�WR�������P×�WZR�\HDUV�ODWHU�

7DEOH������&RQFHQWUDWLRQV�RI�3HWURIUHH�/(������/$2�DQG�����HVWHU��PHDVXUHG�DV�73+�E\�JDV
FKURPDWRJUDSK\�LQ�VHGLPHQWV�QHDU�WKH�3RPSDQR�3KDVH�,,�VXEVHD�WHPSODWH�LQ�����P�RI�ZDWHU
RII�/RXLVLDQD��&RQFHQWUDWLRQV�LQ�H[FHVV�RI�������PJ�NJ��SSP��KDYH�EHHQ�URXQGHG�WR�WKH
QHDUHVW�������SSP��)URP�*DOODZD\�HW�DO���������

7UDQVHFW
'LUHFWLRQ

'LVWDQFH�)URP
7HPSODWH��P� ���¤����-XO\����� ���¤����0DUFK�����

'HSWK�RI�6HGLPHQW�/D\HU��FHQWLPHWHUV�

��¤�� ��¤�� ��¤�� ��¤��

1(����q� � ������� ������� ������ �������

�� ������� ����� ������ ������

�� ������ ������������ ������� ������

�� �������� ������ ������������ ������

�� ��� ��� ������� ������

0HDQ ������ ������ ������������� ������

6(�����q� � �������� ��������� ������� �������

�� ������� ��������� ������� �������

�� �������� ��������� ������� �������

0HDQ ������� �������� ������� �������

6:�����q� � ������� �������� �������� ��������

�� ������ ������ ������� ��������

�� ������� ������� ������� �������

�� ������� ������� ������ ��������

�� ������� ������ ��� ���

0HDQ ������ ������ ����� �������

1:�����q� � ������ ����� ����� �������

�� ��������� ����� ����� ������

�� ������� ������ ����� ������

0HDQ ����� ����� ����� ������

&RQWLQHQWDO�6KHOI�$VVRFLDWHV��������PRQLWRUHG�6%)�FXWWLQJV�DFFXPXODWLRQ�DQG�GLVWULEXWLRQ�RQ�WKH�ERWWRP�DURXQG
WKUHH�SODWIRUPV�LQ����WR����P�RI�ZDWHU�LQ�WKH�FHQWUDO�*XOI�RI�0H[LFR��%HWZHHQ�RQH�DQG�ILYH�ZHOOV�KDG�EHHQ�GULOOHG
IURP�WKH�WKUHH�SODWIRUPV��DQG����WR������EDUUHOV�RI�6%)��DSSDUHQWO\�DQ�,2��RQ�FXWWLQJV�KDG�EHHQ�GLVFKDUJHG���7KH
ZHOOV�ZHUH�FRPSOHWHG����WR����PRQWKV�EHIRUH�WKH�VXUYH\�

-----------
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7KH�RQO\�VHGLPHQWV�FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV�RI�6%)��PHDVXUHG�DV�WRWDO�SHWUROHXP�K\GURFDUERQV�ZLWK
129$3/86�DV�D�VWDQGDUG��ZHUH�ORFDWHG����P�QRUWKZHVW�RI�WKH�SODWIRUPV��7KH�WKUHH�VHGLPHQW�VDPSOHV�FRQWDLQHG
�����PJ�NJ�������PJ�NJ��DQG��������PJ�NJ�GU\�ZHLJKW�WRWDO�SHWUROHXP�K\GURFDUERQV��$OO�RWKHU�VHGLPHQW�VDPSOHV
FRQWDLQHG�ORZ�����WR�����PJ�NJ�GU\�ZW��RU�QRQ�GHWHFWDEOH�FRQFHQWUDWLRQV�RI�WRWDO�SHWUROHXP�K\GURFDUERQV��6HYHUDO
RI�WKH�VHGLPHQW�VDPSOHV��LQFOXGLQJ�WKH�RQHV�FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV�RI�WRWDO�SHWUROHXP�K\GURFDUERQV�
VPHOOHG�RI�K\GURJHQ�VXOILGH�RU�ORRNHG�DQR[LF��7KH�VHGLPHQW�VDPSOH�FRQWDLQLQJ�WKH�KLJKHVW�FRQFHQWUDWLRQ�RI�WRWDO
SHWUROHXP�K\GURFDUERQV�KDG�DQ�(K�DW�D�GHSWK�RI�����FP�RI�¤����P9��LQGLFDWLQJ�VWURQJO\�UHGXFLQJ�FRQGLWLRQV�
%RWWRP�ZDWHUV�DW���RI�WKH�VLWHV�ZHUH�K\SR[LF��a�����PJ�/�2��FRQFHQWUDWLRQ��SRVVLEO\�FRQWULEXWLQJ�WR�VHGLPHQW
DQR[LD��7UDFHV�RI�3$+V��SUREDEO\�RI�SHWUROHXP�RULJLQ��ZHUH�GHWHFWHG�LQ�VHYHUDO�RI�WKH�VHGLPHQW�VDPSOHV��7KLV�VWXG\
VKRZHG�D�YHU\�OLPLWHG�FRQWDPLQDWLRQ�RI�VHGLPHQWV�ZLWK�6%)V�QHDU�6%)�FXWWLQJV�GLVFKDUJHV��6HGLPHQW�DQR[LD�LQ�WKH
DUHD�PD\�KDYH�EHHQ�QDWXUDO��EXW�SUREDEO\�ZDV�H[DFHUEDWHG�E\�DFFXPXODWLRQ�RI�6%)V�

6LPLODU�REVHUYDWLRQV�ZHUH�PDGH�LQ�WKH�8.�VHFWRU�RI�WKH�1RUWK�6HD��7KH�8.�JRYHUQPHQW�HVWDEOLVKHG�D�SURJUDP�RI
VHDEHG�PRQLWRULQJ�RI�VLQJOH�ZHOO�VLWHV�GULOOHG�ZLWK�6%)V��,Q�WKH�8.��VHDEHG�VXUYH\V�FDQ�EH�UHTXHVWHG�E\�WKH
JRYHUQPHQW�DV�SDUW�RI�DQ�DSSURYDO�WR�GULOO�D�ZHOO���7KH�JRDO�RI�WKH�SURJUDP�ZDV�WR�VHOHFW�ILYH�ZHOO�VLWHV�IRU�HDFK�NH\
6%)�V\VWHP��ZKHQHYHU�SRVVLEOH���$W�HDFK�ZHOO�VLWH��WZR�VXUYH\V�ZHUH�UHTXHVWHG��WKH�ILUVW�VXUYH\�WR�EH�XQGHUWDNHQ�DV
VRRQ�DV�SRVVLEOH�DIWHU�FHVVDWLRQ�RI�GULOOLQJ��DQG�WKH�VHFRQG�DSSUR[LPDWHO\�RQH�\HDU�ODWHU���7R�GDWH��WKH�PDMRULW\�RI
VXUYH\V�KDYH�EHHQ�FRPSOHWHG�DQG�UHVXOWV�UHSRUWHG�WR�WKH�JRYHUQPHQW�YLD�WKH�UHVSHFWLYH�RSHUDWRUV�

'DWD�RQ�6%)�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�ZHUH�FROOHFWHG�QHDU����ZHOO�VLWHV��IXOO�GDWD�VHWV��UHVXOWV�IURP�WZR�VXUYH\V
DQG�DGGLWLRQDO�LQIRUPDWLRQ�DERXW�WKH�DPRXQW�RI�FXWWLQJV�GLVFKDUJHG��HWF���DUH�DYDLODEOH�IRU����VLWHV��7KH�ZHOOV�ZHUH
GULOOHG�ZLWK�6%)V�FRQWDLQLQJ�VHYHQ�GLIIHUHQW�EDVH�PDWHULDOV��7DEOH������:DWHU�GHSWKV�UDQJHG�IURP����WR�����P�
'LVFKDUJHG�FXWWLQJV�FRQWDLQHG�DSSUR[LPDWHO\�����WR������ZHLJKW�SHUFHQW�DGKHULQJ�6%)��7DEOH������7KH�PDVV�RI�6%)
GLVFKDUJHG�ZLWK�FXWWLQJV�IURP�LQGLYLGXDO�ZHOOV�UDQJHG�IURP����WR�����PHWULF�WRQV�

7KHUH�ZDV�VRPH�YDULDWLRQ�DPRQJ�WKH�ZHOO�VLWHV�LQ�WHUPV�RI�ORFDWLRQ��ZDWHU�GHSWK��VHGLPHQW�W\SH��DQG�FXUUHQW�UHJLPH�
DQG�GULOOLQJ�SURJUDP��KROH�GHSWK�DQG�PDVV�RI�PXG�DQG�FXWWLQJV�GLVFKDUJHG�WR�WKH�VHD����,Q�DGGLWLRQ��WKH�VXUYH\
GHVLJQ�ZDV�QRW�FRQVLVWHQW�IRU�DOO�ZHOOV��VXUYH\�WLPLQJ��SDUWLFXODUO\�WKH�WLPLQJ�RI�WKH�VHFRQG�VXUYH\��DQG�VWDWLRQ
DUUDQJHPHQW�YDU\LQJ�DPRQJ�WKH�GLIIHUHQW�RSHUDWRUV���7KHVH�FRPELQHG�IDFWRUV�KDYH�PDGH�LW�GLIILFXOW�WR�GUDZ�FOHDU
FRQFOXVLRQV�IURP�WKH�FRPELQHG�GDWD�VHWV�FRQFHUQLQJ�WKH�DPRXQWV�DQG�FRQFHQWUDWLRQV�RI�6%)V�LQ�VHGLPHQWV�DQG�WKH
UDWH�RI�FKDQJH�LQ�6%)�FRQFHQWUDWLRQV�ZLWK�WLPH�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�

$YHUDJH�FRQFHQWUDWLRQV�RI�6%)V�LQ�VHGLPHQWV�ZLWKLQ�����P�RI�WKH�ZHOOV�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�UDQJHG
IURP����WR��������PJ�NJ��PHDVXUHG�E\�JDV�FKURPDWRJUDSK\�DV�WKH�VSHFLILF�6%)�EDVH�FKHPLFDO�W\SH��7DEOH�����
0D[LPXP�FRQFHQWUDWLRQV�RI�6%)V�LQ�VHGLPHQWV�ZLWKLQ�����P�RI�WKH�GLIIHUHQW�SODWIRUPV�UDQJHG�IURP�����WR
��������PJ�NJ�LQ�<HDU���DQG�����WR���������PJ�NJ�LQ�<HDU����$SSUR[LPDWHO\�RQH�\HDU�DIWHU�GULOOLQJ��DYHUDJH�6%)
FRQFHQWUDWLRQV�LQ�VHGLPHQWV��IURP����VLWHV��UDQJHG�IURP�����WR��������PJ�NJ��0HDQ�FRQFHQWUDWLRQV�RI�6%)V�LQ
VHGLPHQWV�GHFOLQHG�EHWZHHQ�WKH�ILUVW�DQG�VHFRQG�VXUYH\�DW�HLJKW�GULOOLQJ�VLWHV�DQG�LQFUHDVHG�DW����GULOOLQJ�VLWHV��7KH
GHFOLQHV�RFFXUUHG�DW�WZR�HDFK�RI�WKH�ULJV�GLVFKDUJLQJ�OLQHDU�SDUDIILQ��OLQHDU�DON\O�EHQ]HQH��RU�HVWHU�6%)V��DQG�RQH
HDFK�RI�SODWIRUPV�GLVFKDUJLQJ�Q�SDUDIILQV�RU�/$2��7KH�YDULDELOLW\�LQ�WKH�FRQFHQWUDWLRQV�RI�6%)V�LQ�VHGLPHQWV�ZLWKLQ
����P�RI�SODWIRUPV�EHWZHHQ�WKH�ILUVW�DQG�VHFRQG�ILHOG�VXUYH\V�SUREDEO\�LV�GXH�WR�WKH�H[WUHPHO\�KHWHURJHQHRXV
GLVWULEXWLRQ�RI�6%)�FXWWLQJV�LQ�WKH�VHGLPHQWV�DQG�WKH�GLIILFXOW\�LQ�H[DFWO\�UHRFFXS\LQJ�WKH�VDPH�VDPSOLQJ�ORFDWLRQV
RQ�WKH�WZR�VXUYH\V�

%HFDXVH�RI�WKH�YDULDELOLW\�LQ�WKH�GDWD��LW�LV�QRW�SRVVLEOH�WR�GUDZ�DQ\�ILUP�FRQFOXVLRQV�DERXW�UDWHV�RI�ELRGHJUDGDWLRQ�
GLOXWLRQ��RU�ZDVKRXW�RI�GLIIHUHQW�W\SHV�RI�6%)�FXWWLQJV�IURP�VHGLPHQWV��7KH�RYHUDOO�LPSUHVVLRQ�LV�WKDW�WKH�UDWH�RI
ORVV�RI�6%)V��RWKHU�WKDQ�HVWHUV��IURP�VHGLPHQWV�ZDV�ORZ��(VWHU�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�QHDU�ULJV�XVLQJ�HVWHU
6%)V�ZHUH�ORZHU�WKDQ�FRQFHQWUDWLRQV�RI�RWKHU�6%)V�QHDU�WKH�SODWIRUPV�XVLQJ�RWKHU�6%)V��7KLV�REVHUYDWLRQ�OHQGV
VXSSRUW�WR�WKH�K\SRWKHVLV�WKDW�HVWHUV�ELRGHJUDGH�UDSLGO\�LQ�VHGLPHQWV�

7KHUH�ZDV�QR�FOHDU�UHODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQV�RI�6%)V�LQ�VHGLPHQWV�DQG�ZDWHU�GHSWK��7DEOH������PDVV�RI
FXWWLQJV�GLVFKDUJHG��RU�PDVV�RI�6%)V�GLVFKDUJHG��7DEOH������7KHUH�ZDV�D�WUHQG�IRU�6%)�FXWWLQJV�FRQFHQWUDWLRQV�LQ
VHGLPHQWV�QHDU�GLVFKDUJLQJ�SODWIRUPV�WR�GHFUHDVH�DV�ZDWHU�GHSWK�LQFUHDVHG��)LJXUH�����+RZHYHU��WKH�UHJUHVVLRQ�ZDV
QRW�VLJQLILFDQW��U�� ��������
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7DEOH������&RQFHQWUDWLRQV�RI�WRWDO�SHWUROHXP�K\GURFDUERQV��XVHG�DV�D�PDUNHU�RI�6%)��DQG�EDULXP
LQ�VXUIDFH�VHGLPHQWV�DURXQG�D�GULOOLQJ�ULJ�LQ�����P�RI�ZDWHU�LQ�WKH�*XOI�RI�0H[LFR���GD\V���
PRQWKV��DQG����PRQWKV�DIWHU�GULOOLQJ�D�ZHOO�ZLWK�3$2�6%)��&RQFHQWUDWLRQV�DUH�PJ�NJ��)URP
&DQGOHU�HW�DO���������

'LVWDQFH�	
'LUHFWLRQ

7RWDO�3HWUROHXP�+\GURFDUERQV
�PJ�NJ�

%DULXP��PJ�NJ�

��'D\V ��0RQWKV ���0RQWKV ��'D\V ��0RQWKV ���0RQWKV
���P�1RUWK ���������� ���������� ������ �������� �������� �������

���P�1RUWK ��������� ��������� ������� ������� �������� �������

����P�1RUWK ��������� ���������� ������� ������ �������� �������

����P�1RUWK ���������� ��������� �������� ������� �������� �������

�����P�1RUWK ������������ ������1' �����1' �������� �������� ��������

���P�(DVW ���������� ��������� �������� �������� ������� �������

���P�(DVW ������������ ��������� �����1' �������� ������� �������

����P�(DVW ����������� ���������� �������� �������� ������� ��������

����P�(DVW ����������� ��������1' �������� ��������� �������� ��������

�����P�(DVW ����������� ��������1' �����1' ��������� �������� ��������

���P�6RXWK ���������� ��������� ������ ��������� �������� ������

���P�6RXWK ������� ��������� �������� ������ �������� �������

����P�6RXWK ���������� ��������� �������� ������� �������� �������

����P�6RXWK ����������� ��������� �������� ������� �������� �������

�����P�6RXWK ����������� ������1' �����1' �������� �������� ��������

���P�:HVW ���������� ������ �������� �������� ������ ������

���P�:HVW ��������� �������� �������� �������� �������� �������

����P�:HVW ��������� �������� ���������� �������� �������� ��������

����P�:HVW ���������� �������� ��������� ��������� ��������� ��������

�����P�:HVW ���������� �����1' ��������� �������� ��������� ���������
1'�1RW�GHWHFWHG�

7DEOH�����6XPPDU\�RI�6%)V�XVHG�WR�GULOO�WKH����ZHOOV�PRQLWRUHG�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD�
5DQJHV�RI�ZDWHU�GHSWKV�DQG�PXG�DQG�FXWWLQJV�GLVFKDUJH�PDVVHV�DOVR�DUH�JLYHQ��:LWK
SHUPLVVLRQ�RI�WKH�RSHUDWRUV�WKURXJK�WKH�8QLWHG�.LQJGRP�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ�

0XG�7\SH 1R��:HOOV :DWHU�'HSWK
�PHWHUV�

&XWWLQJV
'LVFKDUJHG
�PHWULF�WRQV�

0XG�'LVFKDUJHG
�PHWULF�WRQV�

Q�3DUDIILQ � ���¤���� ����¤������ ���¤��

/LQHDU�3DUDIILQ �D ���¤���� ����¤������ ���¤����

3$2 �D �� 1$ 1$

/$2 �D ���¤���� ����¤������ ���¤����

/$% � ���¤���� ����¤������ ���¤���

(WKHU � �� ��� ���

(VWHU � ����¤���� ����¤������ ���¤����
D�,QFRPSOHWH�GDWD�DYDLODEOH�IRU�RQH�VLWH�

------------------------------------------------------------
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)LJXUH�����5HODWLRQVKLS�EHWZHHQ�ZDWHU�GHSWK�DQG�PD[LPXP�FRQFHQWUDWLRQV�RI�6%)�EDVH�FKHPLFDO�LQ
VXUIDFH�VHGLPHQWV�QHDU�GULOOLQJ�SODWIRUPV�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD�

,I�WKH�PDVV�RI�FXWWLQJV�GLVFKDUJHG�LV�WKH�PDLQ�IDFWRU�FRQWUROOLQJ�WKH�FRQFHQWUDWLRQV�RI�6%)�FXWWLQJV�LQ�VHGLPHQWV
ZLWKLQ�����P�RI�GULOOLQJ�ULJV��D�UHJUHVVLRQ�RI�PDVV�RI�FXWWLQJV�GLVFKDUJHG�YHUVXV�WKH�QRUPDOL]HG��SHU�����WRQV�RI
FXWWLQJV�GLVFKDUJH��FRQFHQWUDWLRQ�RI�6%)V�LQ�VHGLPHQWV�VKRXOG�\LHOG�D�VWDWLVWLFDOO\�VLJQLILFDQW�SRVLWLYH�VORSH��0HDQ
QRUPDOL]HG�FRQFHQWUDWLRQV�RI�6%)V�LQ�VHGLPHQWV��PJ�NJ�����WRQV�RI�FXWWLQJV�GLVFKDUJHG��LPPHGLDWHO\�DIWHU�GULOOLQJ
UDQJHG�IURP����PJ�NJ�WR���������PJ�NJ��7KHUH�ZDV�QR�FRUUHODWLRQ�ZLWK�WKH�PDVV�RI�FXWWLQJV�GLVFKDUJHG��7KH
DPRXQW�RI�FXWWLQJV�DFFXPXODWLQJ�LQ�VHGLPHQWV�LV�GHSHQGHQW�RQ�D�FRPSOH[�LQWHUDFWLRQ�RI�GLVFKDUJH�UDWH�DQG�PDVV�
ZDWHU�GHSWK��FXUUHQW�VWUXFWXUH�RI�WKH�ZDWHU�FROXPQ��DQG�WKH�W\SH�RI�6%)�DQG�FXWWLQJV�

,Q�PRVW�FDVHV��6%)�FXWWLQJV�GR�QRW�SHQHWUDWH�DQG�PL[�GHHSO\�LQWR�VXUIDFH�VHGLPHQWV�QHDU�WKH�SODWIRUP��6%)
FRQFHQWUDWLRQV�XVXDOO\�DUH�KLJKHU�LQ�WKH�VXUIDFH�OD\HU����¤���FP��RI�VHGLPHQWV�WKDQ�LQ�GHHSHU�OD\HUV����¤���FP�DQG
��¤���FP���7DEOHV���������DQG������$W�RQH�VLWH��7DEOH������WKH�FRQFHQWUDWLRQ�RI�/$2�LQ�VHGLPHQWV�DW�WKH�ZHOO�VLWH
���P�IURP�WKH�GLVFKDUJH��VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�LQFUHDVHG�IURP������PJ�NJ�DW�WKH�VXUIDFH�WR
�������PJ�NJ�DW�D�GHSWK�LQ�WKH�VHGLPHQW�RI���WR���FP��7KLV�FRXOG�KDYH�EHHQ�FDXVHG�E\�D�GHFUHDVH�ZLWK�GULOOLQJ�GHSWK
LQ�WKH�FRQFHQWUDWLRQ�RI�6%)�RQ�FXWWLQJV�GLVFKDUJHG�GXULQJ�GULOOLQJ�

$SSUR[LPDWHO\�D�\HDU�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��FRQFHQWUDWLRQV�RI�6%)�LQ�WKH�VXUIDFH�OD\HU�RI�VHGLPHQWV�RIWHQ
GHFUHDVH��KRZHYHU��FRQFHQWUDWLRQV�DW�JUHDWHU�GHSWKV�LQ�WKH�VHGLPHQW�FRUH�PD\�LQFUHDVH�RU�GHFUHDVH��7DEOH�����
7HPSRUDO�FKDQJHV�LQ�6%)�FRQFHQWUDWLRQV�EHORZ�WKH�VHGLPHQW�VXUIDFH�SUREDEO\�DUH�FRQWUROOHG�E\�WKH�DPRXQW�RI
VHGLPHQW�UHZRUNLQJ��E\�ELRWXUEDWLRQ�DQG�FXUUHQW�LQGXFHG�EHG�WUDQVSRUW��DQG�ELRGHJUDGDWLRQ��$IWHU�PRUH�WKDQ�D�\HDU�
6%)�FRQFHQWUDWLRQV�DW�DOO�GHSWKV�LQ�VHGLPHQW�PD\�GHFOLQH�WR�ORZ�YDOXHV��SDUWLFXODUO\�LI�HVWHU�6%)�FXWWLQJV�ZHUH
GLVFKDUJHG��7DEOH�����

7KH�DUHD�RI�VHD�IORRU�QHDU�D�SODWIRUP�GLVFKDUJLQJ�6%)�FXWWLQJV�WKDW�EHFRPHV�FRQWDPLQDWHG�ZLWK�PHDVXUDEOH
FRQFHQWUDWLRQV�RI�6%)V�YDULHV�ZLGHO\�IURP�RQH�VLWH�WR�DQRWKHU��7KH�DSSUR[LPDWH�DUHD�RI�6%)�FXWWLQJV�SLOHV�DURXQG
GULOOLQJ�ULJV�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD�UDQJHV�IURP�OHVV�WKDQ������P��WR��������P���7DEOH������7KH�FXWWLQJV
DUH�QRW�HYHQO\�GLVWULEXWHG�LQ�VHGLPHQWV�DURXQG�WKH�ULJ��0RVW�FXWWLQJV�VHWWOH�LQ�WKH�GLUHFWLRQ�RI�WKH�QHW�FXUUHQW�IORZ
�LQWHJUDWHG�IRU�WKH�IXOO�ZDWHU�FROXPQ���)LJXUH�����,Q�WKH�H[DPSOH�IURP�D�VLQJOH�ZHOO�SODWIRUP�LQ�WKH�8.�6HFWRU�RI�WKH
1RUWK�6HD�LQ�)LJXUH����WKH�KLJKHVW�PHDVXUHG�HVWHU�FRQFHQWUDWLRQ�ZDV�LQ�VXUIDFH�VHGLPHQW�IURP����P�VRXWKZHVW�RI�WKH
ULJ�
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7DEOH������$YHUDJH�DQG�PD[LPXP�FRQFHQWUDWLRQV�RI�6%)V�RI�GLIIHUHQW�W\SHV�LQ�VHGLPHQWV�ZLWKLQ�����P�RI
ZHOOV�GULOOHG�ZLWK�6%)V�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD��&RQFHQWUDWLRQV�RI�6%)�DUH�PJ�NJ�
:LWK�SHUPLVVLRQ�RI�WKH�RSHUDWRUV�WKURXJK�WKH�8QLWHG�.LQJGRP�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ
�8.22$��

0XG�7\SH :DWHU
'HSWK
�P�

1XPEHU�RI
6DPSOHV

0HDQ�6%)
&RQFHQWUDWLRQ

0D[LPXP�6%)
&RQFHQWUDWLRQ

<HDU�� <HDU�� <HDU�� <HDU��

Q�3DUDIILQ ���� �� ������ ������ ������� �������

��� �� �������� �������� �������� �������

��� �� �������� ������ �������� �������

$YHUDJH ��� �� ������ ������ �������� �������

/LQHDU�3DUDIILQ ���������� �� �������� �������� ��������� ����������

����� �� ������� ������� �������� ���������

���� �� ������ 1' ������� 1'

���� �� �������� ������� �������� ��������

���� �� ������ ������ ������� ��������

��� �� ������ ������ ������� ��������

$YHUDJH ���� �� ������ ������ �������� ��������

3RO\�D�2OHILQ ���� �� ������ ������ �������� ��������

/LQHDU�D� ���� �� ������� ������ �������� ��������

2OHILQ ���� �� ������� ������ �������� ��������

��� �� ������ 1' �������� 1'

���� �� ������ ������� �������� ���������

$YHUDJH ��� �� ������ ������ �������� ���������

/LQHDU�$ON\O ��� �� ������� ������ �������� �������

%HQ]HQH ��� �� ������ ������ �������� ��������

���� �� ������ ������ ��������� ��������

$YHUDJH ��� �� ������ ������ �������� ��������

(WKHU ���� �� �������� ������� �������� ��������

(VWHU ��� �� ��������� �������� ���������� ���������

��� �� �������� �������� ���������� ���������

��� �� ������� �������� ��������� ���������

$YHUDJH ��� �� �������� ������� ��������� ���������

- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---
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7DEOH������&RQFHQWUDWLRQV�RI�(VWHU�6%)�DW�GLIIHUHQW�GHSWKV�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�����P�RI
ZDWHU�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��<HDU����D�ZHOO�DQG�GLVFKDUJH�RI�������PHWULF�WRQV�RI
FXWWLQJV�DQG�����WRQV�RI�HVWHU�6%)��DQG�WHQ�PRQWKV�ODWHU��<HDU�����&RQFHQWUDWLRQV�DUH�PJ�NJ
GU\�ZW��:LWK�SHUPLVVLRQ�RI�WKH�RSHUDWRUV�WKURXJK�WKH�8QLWHG�.LQJGRP�2IIVKRUH�2SHUDWRUV
$VVRFLDWLRQ��8.22$��

/RFDWLRQ��'LVWDQFH�'LUHFWLRQ� <HDU ��¤���FP ��¤���FP ��¤���FP

� � ����� ��������� ����
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���P�6RXWK � ����� ��� ���
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���P�6RXWKZHVW � ����� ��� ���

� ����� ���������� ����

���P�1RUWKZHVW � ����� ���������� ���

� ����� ���������� ����
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7DEOH������&RQFHQWUDWLRQV�RI�/$2�6%)�DW�GLIIHUHQW�GHSWKV�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�����P�RI�ZDWHU
VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�RI�D�ZHOO�DQG�GLVFKDUJH�RI�����PHWULF�WRQV�RI�FXWWLQJV
FRQWDLQLQJ�����WRQV�RI�/$2�6%)��&RQFHQWUDWLRQV�DUH�PJ�NJ�GU\�ZW��:LWK�SHUPLVVLRQ�RI�WKH
RSHUDWRUV�WKURXJK�WKH�8QLWHG�.LQJGRP�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ��8.22$��

/RFDWLRQ��'LVWDQFH�'LUHFWLRQ� ��¤���FP ��¤���FP ��¤���FP

� ��������� �������� ������

���P�1RUWK ��������� ���������� ���

���P�1RUWKHDVW �������� ���������� ���

���P�(DVW �������� �������� �������

���P�6RXWKHDVW �������� ���������� ���

���P�6RXWK �������� �������� ���

���P�6RXWKZHVW ��������� ����������� ���

���P�1RUWKZHVW ��������� ��������� ���

����P�6RXWKHDVW ������������ ������������ ���

)LJXUH�����$YHUDJH�FRQFHQWUDWLRQ�RI�HVWHU�LQ�VXUIDFH�VHGLPHQWV�DW�GLIIHUHQW�GLVWDQFHV�IURP�D�SODWIRUP�LQ
����P�RI�ZDWHU�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�
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7KH�GLVWDQFH�IURP�WKH�ULJ�WR�WKH�KLJKHVW�FRQFHQWUDWLRQ�RI�6%)�FXWWLQJV�RQ�WKH�ERWWRP�YDULHV�GHSHQGLQJ�RQ�GLVWDQFH
IURP�WKH�GLVFKDUJH�WR�WKH�VHDIORRU��WKH�QHW�ZDWHU�FXUUHQW�VSHHG��DQG�FXWWLQJV�GHQVLW\��)RU�H[DPSOH��WKH�KLJKHVW
FRQFHQWUDWLRQ�RI�3HWURIUHH�6%)�LQ�VXUIDFH�VHGLPHQWV�QHDU�D�GULOOLQJ�ULJ�LQ�����P�RI�ZDWHU�RII�/RXLVLDQD�ZDV�ORFDWHG
���P�QRUWKHDVW�RI�WKH�GULOOLQJ�WHPSODWH��7DEOH������/RZHU�FRQFHQWUDWLRQV�RI�6%)�DFFXPXODWHG�LQ�VHGLPHQWV�FORVHU�WR
DQG�IDUWKHU�IURP�DQG�LQ�GLIIHUHQW�GLUHFWLRQV�IURP�WKH�ULJ��0LGZDWHU�FXUUHQWV�DW�WKH�VLWH�ZHUH�WRZDUG�WKH�QRUWKHDVW�
H[SODLQLQJ�WKH�GLVWULEXWLRQ�RI�FXWWLQJV�RQ�WKH�ERWWRP�

7KH�VWXGLHV�RI�6%)�GLVFKDUJHV�WR�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD�UHYHDO�D�FRPSOH[�SDWWHUQ�RI�6%)�GLVWULEXWLRQ
DURXQG�GULOOLQJ�ULJV��6KRUWO\�DIWHU�GULOOLQJ��WKH�KLJKHVW�FRQFHQWUDWLRQV�RI�6%)�LQ�VHGLPHQWV�ZHUH�ORFDWHG���P�WR�����P
IURP�WKH�ULJ��7DEOH������$SSUR[LPDWHO\�RQH�\HDU�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��WKH�KLJKHVW�6%)�FRQFHQWUDWLRQV�LQ
VHGLPHQWV�ZHUH�ORFDWHG���P�WR�����P�IURP�WKH�IRUPHU�GULOOLQJ�VLWHV��7KH�GLVWDQFH�IURP�WKH�ULJ�VLWHV�WR�VHGLPHQW�6%)
FRQFHQWUDWLRQV�EHORZ�DERXW�������PJ�NJ�UDQJHG�IURP����P�WR�DERXW�����P�IURP�WKH�ULJV��0DQ\�VXUIDFH�VHGLPHQW
VDPSOHV�IURP�FORVHU�WR�WKH�ULJV�FRQWDLQHG�OHVV�WKDQ�������PJ�NJ�6%)��7KXV��WKH�DYHUDJH�UDGLXV�DURXQG�WKH�ULJV�ZKHUH
VHGLPHQW�6%)�FRQFHQWUDWLRQV�ZHUH�JUHDWHU�WKDQ�������PJ�NJ�ZDV�OHVV�WKDQ�WKH�PD[LPXP�GLVWDQFHV�

7DEOH������&RQFHQWUDWLRQV�RI�HVWHU�DW�GLIIHUHQW�GHSWKV�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�����P�RI�ZDWHU
���PRQWKV�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�RI�D�ZHOO�DQG�GLVFKDUJH�RI�������PHWULF�WRQV�RI�FXWWLQJV
DQG����WRQV�RI�HVWHU�6%)��&RQFHQWUDWLRQV�DUH�PJ�NJ�GU\�ZW��:LWK�SHUPLVVLRQ�RI�WKH
RSHUDWRUV�WKURXJK�WKH�8QLWHG�.LQJGRP�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ��8.22$��

/RFDWLRQ��'LVWDQFH�'LUHFWLRQ� ��¤���FP ��¤���FP ��¤���FP

� ������� �������� ����

���P�1RUWK �������� ���������� ���

���P�(DVW �������� ��������� �����

���P�6RXWK �������� ��������� ����

���P�:HVW �������� ��������� ���

���P�1RUWK ������� ��������� ���

���P�1RUWKHDVW ������� ��������� ���

���P�(DVW ��������� ������� ����

7KH�XQHYHQ�GLVWULEXWLRQ�RI�DYHUDJH�6%)�FRQFHQWUDWLRQV�DURXQG�D�ULJ�FDQ�EH�VHHQ�LQ�)LJXUH����,Q�WKLV�H[DPSOH�
������PHWULF�WRQV�RI�FXWWLQJV�DQG����WRQV�RI�/$2�6%)�ZHUH�GLVFKDUJHG��WKH�KLJKHVW�DYHUDJH�FRQFHQWUDWLRQ�RI�6%)
LQ�VXUIDFH�VHGLPHQWV�ZDV�ORFDWHG����P�IURP�WKH�SODWIRUP��VKRUWO\�DIWHU�GULOOLQJ�DQG�����P�IURP�WKH�SODWIRUP�D�\HDU
ODWHU��$�\HDU�DIWHU�GULOOLQJ�ZDV�FRPSOHWHG��WKHUH�DOVR�ZDV�D�KLJK�FRQFHQWUDWLRQ�RI�/$2�LQ�VXUIDFH�VHGLPHQWV�����P
IURP�WKH�ULJ�VLWH��/RZ�FRQFHQWUDWLRQV�RI�/$2�ZHUH�GHWHFWHG�LQ�VHGLPHQWV�IURP�����P�DQG�������P�IURP�WKH�ULJ��,Q
WZR�RWKHU�H[DPSOHV��)LJXUHV���DQG�����HVWHU�DQG�3$2�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�ZHUH�KLJKHVW����WR����P
VRXWKZHVW�DQG�QRUWKZHVW��UHVSHFWLYHO\��IURP�WKH�ULJ�DQG�6%)�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�GHFOLQHG�VKDUSO\�ZLWK
GLVWDQFH�IURP�WKH�ULJ�VLWHV��6%)�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�ZHUH�EHORZ������PJ�NJ�LQ�DOO�GLUHFWLRQV�IURP�WKH�ULJ
���P�DQG����P��UHVSHFWLYHO\��IURP�WKH�SODWIRUPV�

$FFXPXODWLRQ�RI�6%)�FXWWLQJV�LQ�VHGLPHQWV�ZDV�PRQLWRUHG�QHDU�D�ULJ�LQ�DSSUR[LPDWHO\�����P�RI�ZDWHU�RII�WKH�ZHVW
FRDVW�RI�,UHODQG��*DUGOLQH��������)LHOG�VXUYH\V�ZHUH�SHUIRUPHG�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�DQG�RQH�DQG�WZR
\HDUV�ODWHU��7KH�ZHOO�ZDV�GULOOHG�ZLWK�D�FRPPHUFLDO�PXG�IRUPXODWLRQ�FRQWDLQLQJ�OLQHDU�SDUDIILQV��/$2V�
DQG�3$2V�
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7DEOH������5HODWLRQVKLS�EHWZHHQ�ZDWHU�GHSWK��PDVV�RI�FXWWLQJV�GLVFKDUJHG��DQG�6%)�W\SH�DQG�GLVWDQFH�WR
PD[LPXP�6%)�FRQFHQWUDWLRQ�LQ�VHGLPHQWV�DQG�PD[LPXP�GLVWDQFH�WR�QRQWR[LF��������PJ�NJ�
6%)�FRQFHQWUDWLRQ�LQ�VHGLPHQWV��:LWK�SHUPLVVLRQ�RI�WKH�RSHUDWRUV�WKURXJK�WKH�8QLWHG�.LQJGRP
2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ��8.22$��
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��� ������ �������� �� � ���

��� ����� �������� �� �� ���

/$% �� ����� �������� �� �� ���

��� ������� �������� ��� �� ���

��� ������� �������� �� �� ���
D�&RQFHQWUDWLRQ�RI�2%)�LQ�VHGLPHQWV�WKDW�LV�FRQVLGHUHG�WKH�WKUHVKROG�IRU�HIIHFWV�RQ�EHQWKLF�FRPPXQLW\�VWUXFWXUH��%HUJH�������

6KRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��6%)�ZHUH�GHWHFWHG�DW�FRQFHQWUDWLRQV�RI����WR������PJ�NJ�LQ�VHGLPHQWV�ZLWKLQ
����P�RI�WKH�GULOOLQJ�VLWH��$IWHU�RQH�DQG�WZR�\HDUV��6%)�KDG�VSUHDG�DW�ORZ�FRQFHQWUDWLRQV�DV�IDU�DV�����P�IURP�WKH
GULOOLQJ�VLWH��7KH�KLJKHVW�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�ZLWKLQ����P�RI�WKH�VLWH�KDG�GHFOLQHG�WR������PJ�NJ�DIWHU�RQH
\HDU�DQG�����PJ�NJ�DIWHU�WZR�\HDUV��&DUHIXO�H[DPLQDWLRQ�RI�WKH�JDV�FKURPDWRJUDPV�RI�VHGLPHQW�VDPSOHV�UHYHDOHG
WKDW�OLQHDU�SDUDIILQV�DQG�/$2V�ZHUH�GHJUDGHG�UDSLGO\��EXW�3$2V�ZHUH�GHJUDGHG�VORZO\��LI�DW�DOO��$IWHU�WZR�\HDUV�
WKHUH�ZDV�D����SHUFHQW�UHGXFWLRQ�LQ�WKH�FRQFHQWUDWLRQ�RI�/$2V�LQ�VHGLPHQWV��EXW�DOPRVW�QR�UHGXFWLRQ�LQ�WKH
FRQFHQWUDWLRQ�RI�3$2V��7KLV�VWXG\�SURYLGHV�WKH�VWURQJHVW�HYLGHQFH�WR�GDWH�RI�WKH�OLPLWHG�ELRGHJUDGDELOLW\�RI�3$2V
LQ�ILHOG�VHGLPHQWV�

6WXGLHV�LQ�WKH�1RUWK�6HD��*XOI�RI�0H[LFR��DQG�RIIVKRUH�$XVWUDOLD�DQG�,UHODQG�VKRZ�WKDW�6%)�FXWWLQJV�DFFXPXODWH�LQ
D�YHU\�LUUHJXODU�SDWWHUQ�LQ�VHGLPHQWV�DURXQG�D�GULOOLQJ�ULJ��7KH�PRGHOHG�IRRWSULQW��PD[LPXP�WKLFNQHVV��DQG�6%)
FRQFHQWUDWLRQ�LQ�WKH�FXWWLQJV�SLOH�DURXQG�WKH�SODWIRUP�VHHP��LQ�PRVW�FDVHV�WR�EH�OHVV�WKDQ�WKRVH�SUHGLFWHG�ZKHQ�2%)
FXWWLQJV�DUH�GLVFKDUJHG��%UDQGVPD��������+LJKHVW�FRQFHQWUDWLRQV�RI�6%)�LQ�VHGLPHQWV�RIWHQ�DUH�ORZHU�WKDQ�WKH
FRQFHQWUDWLRQ�RI�6%)�LQ�WKH�FXWWLQJV�DW�WKH�WLPH�RI�GLVFKDUJH��VXJJHVWLQJ�WKDW�VRPH�6%)�GHVRUEV�IURP�WKH�FXWWLQJV
GXULQJ�WKHLU�IDOO�WKURXJK�WKH�ZDWHU�FROXPQ��*HWOLII�HW�DO���������6RPHWLPHV��6%)�EDVH�FKHPLFDO�FRQFHQWUDWLRQV�LQ
VHGLPHQWV�DUH�DV�KLJK�DV�RU�KLJKHU�WKDQ�UHSRUWHG�DYHUDJH�FRQFHQWUDWLRQV�RQ�GLVFKDUJHG�FXWWLQJV��VXJJHVWLQJ�HLWKHU
WKDW�VRPH�FXWWLQJV�DUH�GLVFKDUJHG�FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV�RI�DGVRUEHG�6%)�RU�WKDW�VRPH�VHGLPHQW�VDPSOHV
UHSUHVHQW�XQGLOXWHG�FOXPSV�RI�6%)�FXWWLQJV�

--- --- --- --- --- --- --- --- --- --
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)LJXUH���� $YHUDJH�FRQFHQWUDWLRQV�RI�/$2�LQ�VXUIDFH�VHGLPHQWV�DW�GLIIHUHQW�GLVWDQFHV�IURP�D
SODWIRUP�LQ����P�RI�ZDWHU���6XUYH\���ZDV�LPPHGLDWHO\�DIWHU�GULOOLQJ��6XUYH\���ZDV�D�\HDU
ODWHU�

)LJXUH�����$YHUDJH�FRQFHQWUDWLRQ�RI�3$2�LQ�VXUIDFH�VHGLPHQWV�DW�GLIIHUHQW�GLVWDQFHV�IURP�D
SODWIRUP�LQ����P�RI�ZDWHU�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�
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%UDQGVPD��������PRGHOHG�WKH�LQLWLDO�GHSRVLWLRQ�RI�ORZ�WR[LFLW\�PLQHUDO�RLO�2%)�FXWWLQJV�GLVFKDUJHV�IURP�SODWIRUPV
LQ�GLIIHUHQW�ZDWHU�GHSWKV�LQ�WKH�1RUWK�6HD��6XEVHTXHQW�UHVXVSHQVLRQ�DQG�ERWWRP�WUDQVSRUW�ZHUH�QRW�FRQVLGHUHG���7KH
PD[LPXP�LQLWLDO�WKLFNQHVV�RI�2%)�FXWWLQJV�RQ�WKH�VHD�IORRU�IROORZLQJ�D�VLPXODWHG�GLVFKDUJH�RI�����P��2%)
FXWWLQJV�UDQJHG�IURP�����WR������FP��GHSHQGLQJ�RQ�ZDWHU�GHSWK�DQG�FRQFHQWUDWLRQ�RI�RLO�RQ�FXWWLQJV��0D[LPXP
HVWLPDWHG�RLO�FRQFHQWUDWLRQV�LQ�VXUILFLDO�VHGLPHQWV�VKRUWO\�DIWHU�2%)�FXWWLQJV�GLVFKDUJHV�UDQJHG�IURP�����WR
��������PJ�NJ��7KH�PD[LPXP�UDGLXV�RI�RLO�DFFXPXODWLRQ�LQ�VHGLPHQWV�WR�PRUH�WKDQ�����PJ�NJ�ZDV
����P�

)LHOG�VWXGLHV�KDYH�VKRZQ�D�JUHDWHU�GLVSHUVDO�RI�2%)�FXWWLQJV�WKDQ�WKRVH�SUHGLFWHG�E\�%UDQGVPD���������$URXQG
SODWIRUPV�LQ�WKH�1RUWK�6HD�ZKHUH�2%)�FXWWLQJV�ZHUH�GLVFKDUJHG��WKH�PD[LPXP�GLVWDQFH�IURP�WKH�GLVFKDUJH�VLWH�WR�D
FRQFHQWUDWLRQ�RI�������PJ�NJ�RLO�LQ�VHGLPHQWV�XVXDOO\�KDV�UDQJHG�IURP�����WR�������P��'DYLHV�HW�DO�������
.LQJVWRQ��������&RQFHQWUDWLRQ�DERYH����PJ�NJ�RLO�LQ�VHGLPHQWV�RIWHQ�H[WHQGHG�RXW�WR���WR����NP�IURP�WKH
SODWIRUP��,Q�DOO�EXW�RQH�FDVH�LQ�WKH�1RUWK�6HD�VWXGLHV�GLVFXVVHG�DERYH��FRQFHQWUDWLRQV�RI�6%)�GURSSHG�EHORZ
���PJ�NJ�DQG�LQ�PRVW�FDVHV�EHORZ����PJ�NJ��ZLWKLQ�����NP�RI�WKH�GLVFKDUJH�SRLQW��&DQGOHU�HW�DO���������HVWLPDWHG
WKDW�WKH�DUHD�RI�VHGLPHQW�QHDU�VL[�SODWIRUPV�LQ�WKH�1RUWK�6HD�FRQWDLQLQJ�������WR��������PJ�NJ�WRWDO�SHWUROHXP
K\GURFDUERQV��IURP�GLVFKDUJHG�2%)�FXWWLQJV��UDQJHG�IURP��������P��WR���������P����WR�ILYH�\HDUV�DIWHU
FRPSOHWLRQ�RI�GULOOLQJ��%\�FRPSDULVRQ��WKH�DUHD�RI�VHD�IORRU�FRQWDLQLQJ������WR��������PJ�NJ�6%)�UDQJHG�EHWZHHQ
������DQG��������PJ�NJ�]HUR�WR�WZR�\HDUV�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�ZLWK�D�3$2�6%)�IURP�D�SODWIRUP�LQ�����P�RI
ZDWHU�LQ�WKH�*XOI�RI�0H[LFR�

�����%LRGHJUDGDWLRQ�RI�6%)V

2%)V��SDUWLFXODUO\�WKRVH�PDGH�ZLWK�GLHVHO�IXHO��DUH�KLJKO\�SHUVLVWHQW�LQ�VHGLPHQWV��*UDKO�1LHOVHQ�HW�DO��������
UHSRUWHG�OLWWOH�FKDQJH�RYHU�ILYH�\HDUV�LQ�WKH�DUHD�RI�VHD�ERWWRP�QHDU�D�VLQJOH�H[SORUDWRU\�ZHOO�LQ�WKH�1RUWK�6HD�WKDW
FRQWDLQHG�������WR��������PJ�NJ�2%)�IURP�WKH�GLVFKDUJH�RI�2%)�FXWWLQJV��2QH�RI�WKH�REMHFWLYHV�LQ�GHYHORSLQJ
HQYLURQPHQWDOO\�DFFHSWDEOH�DOWHUQDWLYHV�WR�2%)V�ZDV�WR�SURGXFH�D�GULOOLQJ�IOXLG�WKDW�ZRXOG�SURYLGH�WKH�GULOOLQJ
SHUIRUPDQFH�RI�DQ�2%)��EXW�ZRXOG�GHJUDGH�UDSLGO\�IROORZLQJ�GLVFKDUJH�WR�WKH�RFHDQ��(QYLURQPHQWDO�DXWKRULWLHV�RI
1RUWK�6HD�FRXQWULHV�KDYH�K\SRWKHVL]HG�WKDW�UDSLG�GHJUDGDWLRQ�ZLOO�PLQLPL]H�HQYLURQPHQWDO�LPSDFWV�RI�6%)�FXWWLQJV
GLVFKDUJHV��VSHHGLQJ�HFRV\VWHP�UHFRYHU\��9LN�HW�DO������D��

7KH�PDLQ�PHFKDQLVP�RI�GHJUDGDWLRQ�RI�6%)�EDVH�PDWHULDOV�LV�WKURXJK�PLFURELDO�PHWDEROLVP�RI�WKH�6%)�EDVH
FKHPLFDOV�WR�KDUPOHVV�E\SURGXFWV��1DWXUDO�SRSXODWLRQV�RI�VHGLPHQW�GZHOOLQJ�EDFWHULD��IXQJL��DQG�SURWLVWV�DUH�DEOH�WR
ELRGHJUDGH�VRPH�K\GURFDUERQV�DQG�UHODWHG�R[\JHQ�FRQWDLQLQJ�RUJDQLF�FKHPLFDOV��H�J���HVWHUV��HWKHUV��DFHWDOV��DQG
XVH�WKH�FDUERQ�IUDJPHQWV�DV�D�VRXUFH�RI�QXWULWLRQ��)LJXUH����

+\GURFDUERQV�YDU\�LQ�WKHLU�VXVFHSWLELOLW\�WR�ELRGHJUDGDWLRQ��7KH�VROXELOLW\�DQG�ELRDYDLODELOLW\�WR�PLFUREHV�RI
SDUDIILQV�DQG�ROHILQV�GHFUHDVHV�VKDUSO\�ZLWK�LQFUHDVLQJ�FDUERQ�FKDLQ�OHQJWK�DQG�PROHFXODU�ZHLJKW��$V�D�UHVXOW��KLJK
PROHFXODU�ZHLJKW��LQVROXEOH�6%)�EDVH�FKHPLFDOV��VXFK�DV�3$2V��DUH�OHVV�ELRDYDLODEOH�DQG�ELRGHJUDGDEOH�WKDQ�ORZHU
PROHFXODU�ZHLJKW��VOLJKWO\�VROXEOH�EDVH�FKHPLFDOV��VXFK�DV�,2V��)ULHGKHLP�DQG�&RQQ��������$V�D�JHQHUDO�UXOH��OLQHDU
K\GURFDUERQV�DUH�PRUH�HDVLO\�ELRGHJUDGHG�WKDQ�EUDQFKHG�RU�DURPDWLF�K\GURFDUERQV��$WODV��������%LRGHJUDGDWLRQ
UDWH�RI�OLQHDU�SDUDIILQV�GHFUHDVHV�DV�FKDLQ�OHQJWK�LQFUHDVHV��%UDQFKLQJ�RI�K\GURFDUERQ�FKDLQV�WHQGV�WR�VORZ
ELRGHJUDGDWLRQ��&DUERQ�FDUERQ�GRXEOH�ERQGV�DQG�LQWHUQDO�R[\JHQ�DWRPV��H�J���HVWHUV��DUH�PRUH�UHDGLO\�DWWDFNHG�E\
PLFUREHV�WKDQ�FDUERQ�FDUERQ�VLQJOH�ERQGV��+\GURFDUERQV�DUH�ELRGHJUDGHG�PDLQO\�E\�R[LGDWLRQ��WKHUHIRUH�
ELRGHJUDGDWLRQ�RI�6%)�EDVH�PDWHULDOV�DQG�RWKHU�K\GURFDUERQV�LV�PXFK�PRUH�UDSLG�LQ�WKH�SUHVHQFH�RI�R[\JHQ
�DHURELF��WKDQ�LQ�LWV�DEVHQFH��DQDHURELF���7KLV�FRXOG�EH�GXH�WR�WKH�DEVHQFH�RI�SULPDU\�QXWULHQWV��LQRUJDQLF�QLWURJHQ
DQG�SKRVSKRURXV��UDWKHU�WKDQ�WKH�DEVHQFH�RI�R[\JHQ�LQ�WKH�VHGLPHQWV��6FKHUUHU�DQG�0LOOH�������

$�QRUPDO�DONDQH��H�J���OLQHDU�SDUDIILQ��RU�DQ�DONHQH��H�J���/$2��,2��DQG�3$2��LV�R[LGL]HG�E\�PLFUREHV�WR�DQ�DOFRKRO�
WKH�DOFRKRO�LV�R[LGL]HG�IXUWKHU��WKURXJK�D�����GLRO�RU�NHWRQH�LQWHUPHGLDWH��WR�D�IDWW\�DFLG��)LJXUH�����7ZR�DWRPV�RI
R[\JHQ�DUH�FRQVXPHG�IRU�HDFK�DWRP�RI�IDWW\�DFLG�IRUPHG��)DWW\�DFLGV�DUH�VWRUDJH�DQG�VWUXFWXUDO�QXWULHQWV�IRU�DOO
SODQWV�DQG�DQLPDOV��7KH�IDWW\�DFLGV�GHULYHG�IURP�R[LGDWLRQ�RI�6%)�EDVH�FKHPLFDOV�DUH�R[LGL]HG�WZR�FDUERQV�DW�D
WLPH�WKURXJK�E�R[LGDWLRQ��7KH�UHVXOWLQJ�DFHWDWH��&+�&22+��PROHFXOHV�DUH�LQFRUSRUDWHG�LQWR�WKH�HQHUJ\�DQG
V\QWKHWLF�SDWKZD\V�RI�WKH�PLFURRUJDQLVP��7KXV��6%)�EDVH�FKHPLFDOV�DUH�ELRGHJUDGHG�FRPSOHWHO\�XQGHU�DHURELF
FRQGLWLRQV��ZLWK�WKH�UHGXFWLRQ��LQFRUSRUDWLRQ�LQWR�ELRFKHPLFDO�VXEVWUDWH��RI�D�ODUJH�DPRXQW�RI�R[\JHQ��$HURELF
ELRGHJUDGDWLRQ�RI�6%)V�PD\�GHSOHWH�WKH�R[\JHQ�LQ�VHGLPHQWV��UHQGHULQJ�WKH�VHGLPHQWV�DQDHURELF��LI�ORDGLQJ�RI�WKH
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VHGLPHQWV�ZLWK�ELRGHJUDGDEOH�RUJDQLF�PDWWHU�IURP�6%)�FXWWLQJV�LV�KLJK�DQG�DHUDWLRQ�RI�VHGLPHQWV�LV�VORZ��)LHOG
VWXGLHV�RI�2%)�FXWWLQJV�GLVFKDUJHV�KDYH�LQGLFDWHG�WKDW�VHGLPHQWV�PD\�EHFRPH�DQDHURELF�LI�WKH\�FRQWDLQ������PJ�NJ
RU�PRUH�RI�PLQHUDO�RLO��9LN�HW�DO������D��

,Q�WKH�DEVHQFH�RI�R[\JHQ��DQDHURELRVLV���6%)�EDVH�FKHPLFDOV�DUH�GHK\GURJHQDWHG�WR�DOFRKROV�WKDW�DUH�FRQYHUWHG
WKURXJK�D�NHWRQH�RU�DOGHK\GH�LQWHUPHGLDWH�WR�IDWW\�DFLGV��*HWOLII�HW�DO��������&DQGOHU�HW�DO���������7KHVH�LQLWLDO
GHJUDGDWLRQ�UHDFWLRQV�DUH�YHU\�LQHIILFLHQW�XQGHU�DQDHURELF�FRQGLWLRQV��DQG�WKHLU�UDWH�SUREDEO\�OLPLWV�WKH�RYHUDOO�QHW
UDWH�RI�6%)�ELRGHJUDGDWLRQ�LQ�PDULQH�VHGLPHQWV��6WHEHU�HW�DO���������&DUERQ�FDUERQ�GRXEOH�ERQGV�DQG�HVWHU
OLQNDJHV�DUH�PRUH�HDVLO\�R[LGL]HG�WKDQ�FDUERQ�FDUERQ�VLQJOH�ERQGV�E\�PDULQH�DQDHURELF�EDFWHULD��7KXV��HVWHUV�DQG
XQVDWXUDWHG�6%)�EDVH�FKHPLFDOV�ZRXOG�EH�H[SHFWHG�WR�ELRGHJUDGH�PRUH�UDSLGO\�WKDQ�SDUDIILQV��OLQHDU�DON\O
EHQ]HQHV��HWKHUV��DQG�DFHWDOV�LQ�DQR[LF�VHGLPHQWV��8QGHU�DQDHURELF�FRQGLWLRQV��IDWW\�DFLG�R[LGDWLRQ�DOVR�LV
LQHIILFLHQW��$OWHUQDWLYHV�WR�R[\JHQ��H�J���12�

����62�
����DQG�&2���DUH�XVHG�E\�WKH�PLFUREHV�WR�R[LGL]H�IDWW\�DFLGV�

SURGXFLQJ�E\SURGXFWV��VXFK�DV�K\GURJHQ�VXOILGH��DPPRQLD��DQG�PHWKDQH��WKDW�DUH�WR[LF�WR�VRPH�VHGLPHQW�GZHOOLQJ
PDULQH�RUJDQLVPV��6XOIDWH�LV�DEXQGDQW�LQ�VHDZDWHU��a����P0��DQG�PDULQH�VHGLPHQWV��WKHUHIRUH��LW�LV�WKH�GRPLQDQW
WHUPLQDO�HOHFWURQ�DFFHSWRU�IRU�PLFURELDO�R[LGDWLRQ�RI�6%)�EDVH�FKHPLFDOV�LQ�DQR[LF�PDULQH�VHGLPHQWV��*HWOLII�HW�DO�
�������2%)�FXWWLQJV�SLOHV�LQ�WKH�1RUWK�6HD�FRQWDLQHG����WR�����PJ�NJ�VXOILGH��LQGLFDWLQJ�WKDW�WKH�2%)V�ZHUH�EHLQJ
GHJUDGHG�DQDHURELFDOO\�E\�VXOIDWH�UHGXFLQJ�EDFWHULD��&RUGDK��������0HWKDQRJHQHVLV��UHGXFWLRQ�RI�&2��WR�&+��
RFFXUV�RQO\�ZKHQ�PRVW�RI�WKH�DYDLODEOH�VXOIXU�KDV�EHHQ�UHGXFHG�WR�VXOILGH��6XOIDWH�UHGXFLQJ�EDFWHULD�DUH�PRUH
DJJUHVVLYH�WKDQ�PHWKDQRJHQV��DQG�ROHILQV�DQG�HVWHUV�VKRXOG�ELRGHJUDGH�PRUH�UDSLGO\�LQ�PDULQH�VHGLPHQWV�WKDQ
LQGLFDWHG�E\�DQDHURELF�ELRGHJUDGDWLRQ�WHVWV��PRVW�RI�ZKLFK�DUH�EDVHG�RQ�PHWKDQRJHQHVLV��)ULHGKHLP�DQG
3DQWHUPXHKO�������

5HJXODWRU\�DJHQFLHV�PD\�UHTXLUH�SURRI�RI�UDSLG�ELRGHJUDGDWLRQ�EHIRUH�DSSURYLQJ�RFHDQ�GLVSRVDO�RI�6%)�FXWWLQJV
�9LN�HW�DO������D���0HDVXUHPHQW�RI�ELRGHJUDGDWLRQ�UDWHV�RI�6%)V�LV�GLIILFXOW�EHFDXVH�RI�WKH�ODUJH�QXPEHU�RI
HQYLURQPHQWDO�DQG�FKHPLFDO�YDULDEOHV�WKDW�DIIHFW�GHJUDGDWLRQ�UDWH��7KH�PRVW�LPSRUWDQW�HQYLURQPHQWDO�IDFWRUV
DIIHFWLQJ�ELRGHJUDGDWLRQ�UDWH�RI�6%)V�LQ�VHGLPHQWV�DUH�WHPSHUDWXUH��R[\JHQ�FRQFHQWUDWLRQ��DQG�VHDIORRU�HQHUJ\�
6HYHUDO�W\SHV�RI�ELRGHJUDGDWLRQ�WHVWV�KDYH�EHHQ�GHYHORSHG�RU�PRGLILHG�WR�HYDOXDWH�WKH�ELRGHJUDGDWLRQ�RI�6%)V�
7KH\�LQFOXGH�

x� VWDQGDUG�ODERUDWRU\�WHVWV�
x� VROLG�SKDVH�WHVWV��DQG
x� VLPXODWHG�VHDEHG�WHVWV�

����� 6WDQGDUG�/DERUDWRU\�7HVWV

$OWKRXJK�PRVW�(XURSHDQ�UHJXODWRU\�DJHQFLHV�UHTXLUH�WKDW�GULOOLQJ�IOXLGV�SDVV�D�ELRGHJUDGDELOLW\�WHVW�LQ�RUGHU�WR�EH
SHUPLWWHG�IRU�RFHDQ�GLVSRVDO��WKHUH�LV�QR�DJUHHPHQW�RQ�DQ�HQYLURQPHQWDOO\�DFFHSWDEOH�ELRGHJUDGDWLRQ�UDWH�RU�KRZ�WR
PHDVXUH�LW�DQG�H[WUDSRODWH�WKH�UHVXOWV�WR�SUHGLFW�LPSDFWV�RI�6%)�FXWWLQJV�GHSRVLWV�LQ�VHDIORRU�VHGLPHQWV��/DERUDWRU\
ELRGHJUDGDWLRQ�WHVWV�YDU\�ZLGHO\�LQ�VSHFLILF�GHWDLOV�DQG�HQYLURQPHQWDO�UHDOLVP��7KH�GLIIHUHQW�WHVW�PHWKRGV�SURGXFH
ZLGHO\�GLIIHUHQW�UHVXOWV��%LRGHJUDGDWLRQ�WHVW�SURWRFROV�YDU\�LQ�WKUHH�NH\�DVSHFWV�

x� $HURELF�DQDHURELF�¤�6WDQGDUG�WHVW�SURFHGXUHV�DUH�XVXDOO\�GHVLJQHG�WR�EH�HLWKHU�DHURELF�RU�DQDHURELF�
$QDHURELF�FRQGLWLRQV�DUH�OLNHO\�WR�RFFXU�LQ�WKH�FHQWUDO�SDUW�RI�FXWWLQJV�SLOHV�RU�LQ�VXEVXUIDFH�VHGLPHQW
OD\HUV��DHURELF�FRQGLWLRQV�DUH�OLNHO\�WR�RFFXU�LQ�WKH�VXUIDFH�OD\HUV�RI�WKH�WUDQVLWLRQ�]RQH�ZKHUH�6%)
FRQFHQWUDWLRQV�DUH�ORZ�

x� :DWHU�VROXEOH�QRQ�ZDWHU�VROXEOH���0RVW�WHVW�SURFHGXUHV�DUH�GHVLJQHG�IRU�ZDWHU�VROXEOH�PDWHULDOV���7KHUH
LV�QR�DJUHHG�VWDQGDUG�SURWRFRO�IRU�6%)V��ZKLFK�DUH�HVVHQWLDOO\�LQVROXEOH�

x� )UHVKZDWHU�VHDZDWHU�¤�6HYHUDO�ELRGHJUDGDWLRQ�WHVWV�DUH�SHUIRUPHG�LQ�IUHVK�ZDWHU��WHVW�ZDWHU�VDOLQLW\�PD\
DIIHFW�WHVW�UHVXOWV��LQ�SDUW�GXH�WR�HIIHFWV�RI�GLVVROYHG�VDOWV�RQ�HPXOVLRQ�VWDELOLW\��)UHVKZDWHU�WHVWV�XVH�D
EDFWHULDO�LQRFXOXP��ZKHUHDV�VHDZDWHU�WHVWV�UHO\�RQ�QDWXUDO�EDFWHULDO�SRSXODWLRQV�LQ�WKH�VHDZDWHU�XVHG�LQ�WKH
WHVWV��7KH�GLIIHUHQFH�LQ�WKH�QXPEHU�DQG�W\SHV�RI�EDFWHULD�LQ�WKH�IUHVKZDWHU�DQG�VHDZDWHU�WHVWV�LV�WKH�PDLQ
UHDVRQ�WKDW�WHVW�UHVXOWV�DUH�GLIIHUHQW��5HVXOWV�RI�IUHVKZDWHU�WHVWV�PD\�QRW�EH�UHOHYDQW�WR�PDULQH�6%)
GLVSRVDO�
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6HYHUDO�ODERUDWRU\�ELRGHJUDGDELOLW\�WHVWV�KDYH�EHHQ�SURSRVHG�RU�XVHG�WR�HVWLPDWH�WKH�UDWH�RI�ELRGHJUDGDWLRQ�RI�6%)
EDVH�FKHPLFDOV�LQ�PDULQH�VHGLPHQWV��0RVW�DUH�EDVHG�RQ�VWDQGDUG�WHVWV�IRU�ZDWHU�VROXEOH��QRQ�YRODWLOH�RUJDQLF
FKHPLFDOV��2(&'��������7KH\�ODFN�HQYLURQPHQWDO�UHDOLVP��0RGLILFDWLRQV�WR�WKH�WHVWV�KDYH�EHHQ�GHYHORSHG�WR�EHWWHU
PHDVXUH�WKH�ELRGHJUDGDWLRQ�RI�LQVROXEOH��VROLG�PDWHULDOV��VXFK�DV�6%)V��RU�WR�PHDVXUH�DQDHURELF�ELRGHJUDGDWLRQ�
7KH�GLIIHUHQW�ELRGHJUDGDWLRQ�WHVWV�FDQ�SURYLGH�DQ�LQLWLDO�HYDOXDWLRQ�RI�WKH�SRWHQWLDO�ELRGHJUDGDELOLW\�RI�D�FKHPLFDO�LQ
PDULQH�VHGLPHQWV�

7R�RXU�NQRZOHGJH��ODERUDWRU\�ELRGHJUDGDWLRQ�WHVWV�KDYH�QRW�EHHQ�DSSOLHG�WR�ZKROH�XVHG�6%)�FXWWLQJV��WKH�PDWHULDO
GLVFKDUJHG�WR�WKH�RFHDQ��,W�LV�TXLWH�OLNHO\�WKDW�LI�LQWDFW��XVHG�6%)V�RQ�FXWWLQJV�ZLOO�GHJUDGH�DW�D�GLIIHUHQW�UDWH�LQ
RFHDQ�VHGLPHQWV�WKDQ�WKH�6%)�EDVH�FKHPLFDO�LQ�D�ODERUDWRU\�ELRGHJUDGDWLRQ�WHVW��6RPH�LQJUHGLHQWV�RI�WKH�6%)��VXFK
DV�HPXOVLILHU��PD\�LQFUHDVH�WKH�HIIHFWLYH�6%)�ZDWHU�LQWHUIDFH�VXUIDFH�DUHD�LQ�WKH�GULOOLQJ�PXG�DQG�WKHUHE\�LQFUHDVH
WKH�ELRDYDLODELOLW\�RI�WKH�6%)�EDVH�FKHPLFDO�WR�VHGLPHQW�DQG�VHDZDWHU�EDFWHULD��7KLV�ZRXOG�KDYH�WKH�HIIHFW�RI
LQFUHDVLQJ�WKH�ELRGHJUDGDWLRQ�UDWH�XQGHU�ERWK�DHURELF�DQG�DQDHURELF�FRQGLWLRQV�

0F.HH�HW�DO���������SHUIRUPHG�DQDHURELF�ELRGHJUDGDWLRQ�WHVWV�ZLWK�D�ODERUDWRU\�IRUPXODWHG�/$2�6%)�DQG�WKH�/$2
DORQH��7KH�6%)�ZDV�DQ����OE�JDO�6%)�ZLWK�D�V\QWKHWLF�ZDWHU�UDWLR�RI��������$IWHU����GD\V�RI�DQDHURELF�LQFXEDWLRQ�
WKH�FRPSOHWH�6%)�KDG�ELRGHJUDGHG�E\������SHUFHQW��ZKHUHDV�WKH�6%)�EDVH�FKHPLFDO�KDG�ELRGHJUDGHG�E\����SHUFHQW�
+RZHYHU��WKHUH�ZDV�QR�GLIIHUHQFH�LQ�WKH�GHJUDGDWLRQ�UDWHV�RI�D�/$2�EDVH�FKHPLFDO�DQG�D�/$2�6%)�LQ�VLPXODWHG
VHDEHG�WHVWV��6FKDDQQLQJ�����D��

/DERUDWRU\�ELRGHJUDGDWLRQ�WHVW�PHWKRGV�LQFOXGH�WKH�IROORZLQJ��6ODWHU�HW�DO��������&DQGOHU�HW�DO��������

x� 2(&'�����%�¤�7KH�WHVW�VXEVWDQFH�LV�LQFXEDWHG�LQ�D�IUHVKZDWHU�QXWULHQW�PHGLXP�ZLWK�DQ�LQRFXOXP�RI
VHZDJH�VOXGJH�EDFWHULD��%LRGHJUDGDWLRQ�LV�PHDVXUHG�DV�WKH�SURGXFWLRQ�RI�&2��

x� 2(&'�����'�¤�7KH�WHVW�VXEVWDQFH�LV�LQFXEDWHG�LQ�D�FRPSOHWHO\�IXOO�FORVHG�ERWWOH�ZLWK�D�IUHVKZDWHU
QXWULHQW�PHGLXP�DQG�D�EDFWHULDO�LQRFXOXP��%LRGHJUDGDWLRQ�LV�PHDVXUHG�DV�R[\JHQ�FRQVXPSWLRQ�

x� 2(&'�����¤�7KLV�LV�WKH�VHDZDWHU�PRGLILFDWLRQ�RI�WKH�2(&'�����'�FORVHG�ERWWOH�UHVSLURPHWULF�WHVW�
1DWXUDO�VHDZDWHU��FRQWDLQLQJ�D�QDWXUDO�FRPPXQLW\�RI�PDULQH�EDFWHULD��LV�XVHG�ZLWKRXW�DGGLWLRQ�RI�VHZDJH
EDFWHULD��%HFDXVH�QR�EDFWHULDO�LQRFXOXP�LV�XVHG��UHVXOWV�RI�WKH�2(&'�����WHVW�FDQ�QRW�EH�FRPSDUHG�WR
WKRVH�RI�WKH�2(&'�����'�WHVW�

x� %2',6�¤�7KLV�WHVW�PHDVXUHV�ELRFKHPLFDO�R[\JHQ�GHPDQG��%2'��RI�LQVROXEOH�VXEVWDQFHV��,W�LV�VLPLODU�WR
WKH�2(&'�����'�WHVW��H[FHSW�WKDW�D�KHDGVSDFH�RI�DLU�DERXW�����RI�WKH�YROXPH�RI�WKH�FORVHG�ERWWOH�LV�OHIW�
7KH�IUHVKZDWHU�VXVSHQVLRQ�RI�6%)�LV�VSLNHG�ZLWK�QXWULHQWV�DQG�VOXGJH�EDFWHULD��DQG�WKH�ERWWOH�LV�VHDOHG�DQG
VKDNHQ�WR�PDLQWDLQ�R[\JHQ�VDWXUDWLRQ�LQ�WKH�DTXHRXV�SKDVH��%LRGHJUDGDWLRQ�LV�PHDVXUHG�DV�R[\JHQ
FRQVXPSWLRQ�LQ�WKH�FORVHG�ERWWOH�V\VWHP�

x� 0DULQH�%2',6�¤�7KLV�WHVW�LV�D�PRGLILFDWLRQ�RI�WKH�IUHVKZDWHU�%2',6�WHVW�DQG�WKH�2(&'�����WHVW��7KH
6%)�EDVH�FKHPLFDO�LV�LQFXEDWHG�LQ�D�FORVHG�ERWWOH�����IXOO�RI�QDWXUDO�VHDZDWHU�FRQWDLQLQJ�LQGLJHQRXV
EDFWHULD�DQG�VXSSOHPHQWHG�ZLWK�SULPDU\�QXWULHQWV��%LRGHJUDGDWLRQ�LV�PHDVXUHG�DV�R[\JHQ�FRQVXPSWLRQ�

x� ,62�',6�������¤�7KLV�LV�DQ�DQDHURELF�ELRGHJUDGDWLRQ�WHVW�WKDW�LV�SHUIRUPHG�LQ�D�FORVHG�ERWWOH�ZLWK�DQ
R[\JHQ�IUHH�JDV�LQ�WKH�KHDGVSDFH��$QDHURELF�EDFWHULD�DUH�SURYLGHG�LQ�DFWLYDWHG�VHZDJH�VOXGJH��1XWULHQWV
DUH�GLVVROYHG�LQ�WKH�IUHVKZDWHU�PHGLXP��%LRGHJUDGDWLRQ�UDWH�LV�PHDVXUHG�DV�DQ�LQFUHDVH�LQ�JDV�SUHVVXUH�LQ
WKH�KHDGVSDFH�IURP�PHWKDQRJHQLF�SURGXFWLRQ�RI�&2��DQG�&+���$�VHDZDWHU�YDULDWLRQ�RI�WKLV�WHVW�LV�EHLQJ
GHYHORSHG�LQ�ZKLFK�ELRGHJUDGDWLRQ�E\�LQGLJHQRXV�VXOIDWH�UHGXFLQJ�EDFWHULD�LV�PHDVXUHG�DV�WKH�LQFUHDVH�LQ
WKH�FRQFHQWUDWLRQ�RI�K\GURJHQ�VXOILGH�LQ�WKH�ERWWOH�

)RU�DOO�WHVW�SURWRFROV��WKH�WKHRUHWLFDO�R[\JHQ�GHPDQG��7K2'��LV�HVWLPDWHG�IURP�WKH�DPRXQW�RI�FDUERQ�LQ�WKH
FKHPLFDO�EHLQJ�HYDOXDWHG��7KH�PHDVXUHG�R[\JHQ�FRQVXPSWLRQ��RU�&2��RU�+�6�SURGXFWLRQ��LV�GLYLGHG�E\�WKH
WKHRUHWLFDO�YDOXHV�WR�HVWLPDWH�SHUFHQW�GHJUDGDWLRQ�RI�WKH�6%)�FKHPLFDO�
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7KHVH�PHWKRGV�JLYH�GLIIHUHQW�DQG�KLJKO\�YDULDEOH�HVWLPDWHV�RI�WKH�ELRGHJUDGDWLRQ�SRWHQWLDO�IRU�6%)�EDVH�FKHPLFDOV�
)RU�H[DPSOH��9LN�HW�DO������E��UHSRUW�WKDW�VRPH�6%)V�FDQ�EH�FODVVLILHG�DV�¨UHDGLO\�ELRGHJUDGDEOH©��L�H��SHUFHQW
ELRGHJUDGDWLRQ�!����EDVHG�RQ�WKH�%2',6�IUHVKZDWHU�WHVW�EXW�KDYH�D�ORZ�ELRGHJUDGDWLRQ�UDWH�LQ�WKH�PDULQH�%2',6
WHVW�

6WHSV�DUH�EHLQJ�WDNHQ�WR�LGHQWLI\�WKH�PRVW�DSSURSULDWH�ELRGHJUDGDWLRQ�WHVW�SURFHGXUHV���7KH�2VOR�DQG�3DULV
&RPPLVVLRQ��263$5��FRPPLVVLRQHG�VHYHUDO�ODERUDWRULHV�WR�FRPSDUH�WKH�YDULRXV�DYDLODEOH�SURWRFROV�DQG�WR
GHYHORS�D�KDUPRQL]HG�SURWRFRO�IRU�WKH�1RUWK�6HD�FRXQWULHV���7KH�VWXG\�FRQFOXGHG�WKDW�DOO�PHWKRGV�WHVWHG�\LHOGHG
FRPSDUDEOH�UHVXOWV�ZKHQ�WHVWLQJ�DQ�HVWHU�DQG�DQ�HWKHU�6%)��(OI�$NXDPLOMR���������+RZHYHU��UHSURGXFLELOLW\�RI�WKH
PHWKRGV�ZDV�SRRU�IRU�WKH�OHVV�ELRGHJUDGDEOH�HWKHU�6%)�

$�FRPSDULVRQ�RI�VHYHUDO�ELRGHJUDGDWLRQ�WHVWV�VKRZV�WKDW�WKH\�JDYH�PDUNHGO\�GLIIHUHQW�HVWLPDWHV�RI�DHURELF
ELRGHJUDGDWLRQ�IRU�DFHWDO�6%)�EDVH�FKHPLFDO��7DEOH������0HDVXUHG�ELRGHJUDGDWLRQ��XVXDOO\�LQ����GD\V��YDULHG�ZLWK
WHVW�PHWKRG��ZDWHU�VDOLQLW\��DQG�FRQFHQWUDWLRQ�RI�DFHWDO�XVHG��(VWLPDWHG�ELRGHJUDGDWLRQ�UDQJHG�IURP���SHUFHQW�WR
���SHUFHQW�RI�WKH�7K2'��7KH�SURSRVHG�DFFHSWDELOLW\�FULWHULRQ�IRU�ELRGHJUDGDWLRQ�LQ�1RUWK�6HD�FRXQWULHV�LV
���SHUFHQW�RI�WKH�7K2'��WKHUHIRUH��DFHWDO�SDVVHV�VRPH�WHVWV�DQG�QRW�RWKHUV�

7DEOH������$HURELF�ELRGHJUDGDWLRQ��SHUFHQW�RI�WKHRUHWLFDO�R[\JHQ�GHPDQG��7K2'��RI�DFHWDO�6%)�EDVH
FKHPLFDO�LQ�VHYHUDO�ELRGHJUDGDWLRQ�WHVWV�DW�VHYHUDO�LQLWLDO�FRQFHQWUDWLRQV��0RVW�WHVWV�ZHUH�UXQ
IRU����GD\V��)URP�6ODWHU�HW�DO���������

7HVW�0HWKRG $FHWDO�&RQFHQWUDWLRQ��PJ�/� 3HUFHQW�%LRGHJUDGDWLRQ

%2',6�)UHVKZDWHU �� ��

%2',6�)UHVKZDWHU �� ��

%2',6�6HDZDWHU �� �������

%2',6�6HDZDWHU �� ���

2(&'�����%�)UHVKZDWHU �� ������

2(&'�����%�)UHVKZDWHU �� ������

2(&'�����'�)UHVKZDWHU �������� ��

2(&'�����'�)UHVKZDWHU ������� ��

2(&'�����6HDZDWHU ������� ��

2(&'�����6HDZDWHU ��¤���� ��

2(&'�����6HDZDWHU �� �������

)UHVKZDWHU�WHVWV�FRQVLVWHQWO\�JDYH�KLJKHU�HVWLPDWHV�RI�ELRGHJUDGDWLRQ�WKDQ�VHDZDWHU�WHVWV�GLG��7DEOH������7KLV�PD\
EH�DQ�DUWLIDFW�RI�WKH�SURWRFROV��,Q�WKH�IUHVKZDWHU�WHVWV��WKH�LQFXEDWLRQ�PHGLXP�LV�GRVHG�ZLWK�DQ�LQRFXOXP�RI�DFWLYDWHG
VOXGJH�EDFWHULD��LQ�WKH�PDULQH�WHVWV��RQO\�EDFWHULD�LQGLJHQRXV�WR�WKH�QDWXUDO�VHD�ZDWHU�PHGLXP�DUH�LQFOXGHG��7KH
DEXQGDQFH�RI�K\GURFDUERQ�GHJUDGLQJ�EDFWHULD�DQG�IXQJL�LV�PXFK�KLJKHU�LQ�PDULQH�VHGLPHQWV�WKDQ�LQ�VHD�ZDWHU��VR
WKH�VHDZDWHU�WHVWV�SUREDEO\�JUHDWO\�XQGHUHVWLPDWH�WKH�ELRGHJUDGDWLRQ�SRWHQWLDO�6%)�EDVH�FKHPLFDOV�LQ�PDULQH
VHGLPHQWV�

%LRGHJUDGDWLRQ�UDWH�GHFUHDVHG�DV�DFHWDO�FRQFHQWUDWLRQ�LQ�WKH�WHVWV�ZDV�LQFUHDVHG��&RQFHQWUDWLRQV�RI�EDVH�FKHPLFDOV
LQ�6%)�FXWWLQJV�DFFXPXODWLRQV�RQ�WKH�RFHDQ�IORRU�XVXDOO\�DUH�PXFK�KLJKHU�WKDQ�FRQFHQWUDWLRQV�XVHG�LQ�WKH�WHVWV�
PDNLQJ�LQWHUSUHWDWLRQ�RI�WHVW�UHVXOWV�GLIILFXOW��,W�LV�XQFHUWDLQ�ZKLFK�WHVW�SURYLGHV�WKH�PRVW�HQYLURQPHQWDOO\�UHDOLVWLF
UHVXOWV�
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7KH�UHVXOWV�RI�ELRGHJUDGDELOLW\�WHVWV�ZLWK�VHYHUDO�6%)�EDVH�FKHPLFDOV�XVLQJ�VHYHUDO�RI�WKH�PRUH�FRPPRQ�ODERUDWRU\
SURWRFROV�DUH�VXPPDUL]HG�LQ�7DEOH�����7KH�2(&'�����WHVW��2(&'�������FXUUHQWO\�LV�WKH�VWDQGDUG�WHVW�IRU�263$5�
DQG�WKH�%2',6�WHVW��,62��������PRGLILHG�IRU�VHDZDWHU��LV�DQ�DFFHSWHG�VWDQGDUG�IRU�WKH�1RUZHJLDQ�6WDWH�3ROOXWLRQ
$XWKRULW\��7KH�UHVXOWV�RI�WKHVH�ELRGHJUDGDWLRQ�WHVWV�LQGLFDWH�WKDW�DHURELF�DQG�DQDHURELF�ELRGHJUDGDWLRQ�UDWHV�RI
V\QWKHWLFV�RFFXU�LQ�WKH�IROORZLQJ�RUGHU��HVWHU!/$2|,2!3$2!�DFHWDO!HWKHU�

7DEOH������%LRGHJUDGDWLRQ�UDWH��PHDVXUHG�DV�WKH�SHUFHQW�UHGXFWLRQ�LQ�FRQFHQWUDWLRQ��RI�VHYHUDO�6%)
EDVH�FKHPLFDOV�EDVHG�RQ�GLIIHUHQW�ELRGHJUDGDWLRQ�WHVW�SURWRFROV��7KH�GXUDWLRQ�RI�WKH�,62�',6
������WHVWV�LV�LQFOXGHG�LQ�SDUHQWKHVHV�

7HVW (VWHU /$2 ,2 3$2 (WKHU $FHWDO

$QDHURELF��IUHVKZDWHU�
,62�',6������
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$HURELF����G�0DULQH�
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0DULQH�%2',6
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��� �� ��
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� ��

0DULQH�&2��(YROXWLRQ �� � �

0DULQH�&2��+HDGVSDFH �� �

6RXUFHV���%DURLG�'ULOOLQJ�)OXLGV��0F.HH�HW�DO��������%DNHU�+XJKHV�,17(4��0�,�'ULOOLQJ�)OXLGV��=HYDOORV�HW�DO��������6ODWHU
HW�DO��������6WHEHU�HW�DO��������9LN�HW�DO�����D��(OI�$NXDPLOMR�����
�0HDQ�YDOXH�

$V�D�JHQHUDO�UXOH��6%)�EDVH�FKHPLFDOV�DUH�PRUH�ELRGHJUDGDEOH�XQGHU�DHURELF�WKDQ�DQDHURELF�FRQGLWLRQV��7DEOHV���
DQG������7KH�DQDHURELF�WHVW�LV�D�IUHVKZDWHU�WHVW�DQG�VR�UHVXOWV�VKRXOG�EH�FRPSDUHG�WR�WKRVH�IURP�D�IUHVKZDWHU�DHURELF
WHVW��$OO�WKH�6%)�EDVH�FKHPLFDOV�HYDOXDWHG�E\�1RUPDQ��������DQG�6WHEHU�HW�DO���������KDYH�PHDVXUDEOH�DHURELF�DQG
DQDHURELF�ELRGHJUDGDELOLW\��$HURELF�DQG�DQDHURELF�ELRGHJUDGDWLRQ�UDWHV�DUH�JUHDWHVW�IRU�HVWHUV��IROORZHG�E\�,2V�
0LQHUDO�RLOV�DUH�OHVV�ELRGHJUDGDEOH�WKDQ�6%)�EDVH�FKHPLFDOV��SDUWLFXODUO\�XQGHU�DQDHURELF�FRQGLWLRQV�

&RQVLGHULQJ�WKH�KLJK�FRQFHQWUDWLRQV�RI�6%)V�PHDVXUHG�LQ�VXUILFLDO�VHGLPHQWV�ZLWKLQ�����P�RI�VRPH�RIIVKRUH
SODWIRUPV�GLVFKDUJLQJ�6%)�FXWWLQJV��7DEOH������LW�LV�SUREDEOH�WKDW�PRVW�6%)�ELRGHJUDGDWLRQ�ZLOO�RFFXU�XQGHU
DQDHURELF�FRQGLWLRQV�DIWHU�VHGLPHQW�R[\JHQ�FRQFHQWUDWLRQ�LV�UHGXFHG�WR�ORZ�OHYHOV�E\�WKH�LQLWLDO�DHURELF
ELRGHJUDGDWLRQ�RI�WKH�6%)�FXWWLQJV��,Q�ORZ�HQHUJ\�HQYLURQPHQWV�ZKHUH�FXWWLQJV�GLVSHUVLRQ�DW�WKH�VHDIORRU�LV�D�PLQRU
IDFWRU��DQDHURELF�GHJUDGDWLRQ�RI�6%)�FXWWLQJV�SUREDEO\�LV�WKH�UDWH�OLPLWLQJ�VWHS�LQ�UHFRYHU\�RI�EHQWKLF�PDULQH
HFRV\VWHPV�FRQWDPLQDWHG�ZLWK�6%)�FXWWLQJV��$OWKRXJK�ROHILQ�DQG�HVWHU�6%)�EDVH�FKHPLFDOV�FDQ�EH�ELRGHJUDGHG
DQDHURELFDOO\�LQ�WKH�ODERUDWRU\��GHJUDGDWLRQ�UDWHV�XVXDOO\�DUH�PXFK�VORZHU�WKDQ�DHURELF�GHJUDGDWLRQ�UDWHV��$QDHURELF
ELRGHJUDGDWLRQ�UDWHV�RI�6%)�DQG�2%0�EDVH�FKHPLFDOV�DQG�D�IHZ�SRWHQWLDO�6%)�EDVH�FKHPLFDO�GHJUDGDWLRQ�SURGXFWV
UDQJH�IURP�HVVHQWLDOO\�]HUR��DON\OEHQ]HQH��WR����SHUFHQW�LQ����GD\V��HVWHU���7DEOH�����

------
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7DEOH������$QDHURELF�ELRGHJUDGDWLRQ�UDWHV�RI�VHYHUDO�6%)�DQG�2%)�EDVH�FKHPLFDOV�DQG�SRVVLEOH�6%)
GHJUDGDWLRQ�SURGXFWV�DV�PHDVXUHG�ZLWK�WKH�,62�',6�������DQDHURELF�ELRGHJUDGDWLRQ�WHVW�
%LRGHJUDGDWLRQ�LV�PHDVXUHG�DV�QHW�JDV��&+����&2���SURGXFWLRQ��9DOXHV�DUH�PHDQV�IURP�ILYH
UHSOLFDWH�WHVWV�IRU�HDFK�FKHPLFDO��)URP�6WHEHU�HW�DO���������

7HVW�&KHPLFDO 7HVW�'XUDWLRQ��'D\V� 0HDQ�'HJUDGDWLRQ��rrrr&,�
���RI�2UJDQLF�&DUERQ�

)DWW\�$FLG�(VWHU�, �� �����r�����
)DWW\�$FLG�(VWHU�,, �� �����r����O
/LQHDU�D�2OHILQ��&������ �� �����r�����
/LQHDU�D�2OHILQ��&��� �� �����r�����
3RO\�D�2OHILQ�, �� �����r�����
3RO\�D�2OHILQ�,, �� ������r�����
$FHWDO �� �����r�����
$ON\O�%HQ]HQH �� ¤�����r�����
0LQHUDO�2LO�$ �� �������r�����
0LQHUDO�2LO�% �� ����r����
0LQHUDO�2LO�& �� ����r����
2OH\O�$OFRKRO �� �����r�����
��(WK\O�+H[DQRO �� �����r�����
'LRFW\O�(WKHU �� �����r�����
'LKH[DGHF\O�(WKHU �� ������r�����

$QDHURELF�ELRGHJUDGDWLRQ�UDWH�LV�KLJKHVW�IRU�HVWHUV��IROORZHG�E\�/$2V��7DEOH������,Q�JHQHUDO��6%)�EDVH�FKHPLFDOV�
RWKHU�WKDQ�HVWHU��GR�QRW�ELRGHJUDGH�DQDHURELFDOO\�DW�D�VXEVWDQWLDOO\�KLJKHU�UDWH�WKDQ�PLQHUDO�RLOV�XVHG�LQ�2%)V�
$ON\OEHQ]HQHV�DUH�QRW�ELRGHJUDGHG�XQGHU�DQDHURELF�FRQGLWLRQV��2I�WKH�SRVVLEOH�GHJUDGDWLRQ�SURGXFWV��DOFRKROV�DUH
KLJKO\�ELRGHJUDGDEOH��DQG�HWKHUV�DUH�UHVLVWDQW�WR�DQDHURELF�ELRGHJUDGDWLRQ���%LRGHJUDGDWLRQ�UDWH�VHHPV�WR�EH
LQYHUVHO\�UHODWHG�WR�PROHFXODU�ZHLJKW��GLUHFWO\�UHODWHG�WR�DTXHRXV�VROXELOLW\��RI�/$2V�DQG�3$2V��7KH�&���/$2�LV
PRUH�ELRGHJUDGDEOH�WKDQ�WKH�&������/$2��7KH�DHURELF�ELRGHJUDGDELOLW\�RI�3$2V�GHFUHDVHV�ZLWK�LQFUHDVLQJ
PROHFXODU�ZHLJKW��)ULHGKHLP�DQG�3DQWHUPXHKO��������&DQGOHU�HW�DO���������UDQNHG�ERWK�DHURELF�DQG�DQDHURELF
ELRGHJUDGDELOLW\�RI�GULOOLQJ�IOXLG�EDVH�FKHPLFDOV�IURP�PRVW�WR�OHDVW�ELRGHJUDGDEOH�DV�

HVWHU!!/$2!,2!!3$2!PLQHUDO�RLO�

,Q�DGGLWLRQ��WKH�UDWH�RI�DQDHURELF�ELRGHJUDGDWLRQ�RI�3$2V�DQG�SRVVLEO\�RWKHU�VSDULQJO\�VROXEOH�ROHILQV�WHQGV�WR
LQFUHDVH�ZLWK�LQFXEDWLRQ�WLPH��0HDQ�SHUFHQW�GHJUDGDWLRQ�RI�GLIIHUHQW�3$2V�DIWHU���������DQG�����GD\V�RI�DQDHURELF
LQFXEDWLRQ�DUH�����SHUFHQW�������SHUFHQW��DQG����SHUFHQW��UHVSHFWLYHO\��)ULHGKHLP�DQG�3DQWHUPXHKO�������6WHEHU�HW
DO���������7KH�DQDHURELF�EDFWHULD�LQ�WKH�LQRFXOXP�PD\�UHTXLUH�D�ORQJ�DFFOLPDWLRQ�SHULRG�EHIRUH�WKH\�FDQ�PHWDEROL]H
3$2V�HIILFLHQWO\��7KH�EDFWHULD�PD\�DOVR�QHHG�WR�V\QWKHVL]H�DQG�VHFUHWH�ELRVXUIDFWDQWV�WR�VROXELOL]H�WKH�ROHILQV�VR
WKH\�FDQ�EH�ELRGHJUDGHG��$QRWKHU�SRVVLELOLW\�LV�WKDW�FRORQL]DWLRQ�E\�RSSRUWXQLVWLF�VSHFLHV�RI�ROHILQ�GHJUDGLQJ
PLFUREHV�LV�UHTXLUHG�EHIRUH�GHJUDGDWLRQ�UDWH�FDQ�LQFUHDVH�

�����6ROLG�3KDVH�%LRGHJUDGDWLRQ�7HVWV

$�VROLG�SKDVH�ELRGHJUDGDWLRQ�WHVW�ZDV�GHYHORSHG�DW�WKH�6FRWWLVK�2IILFH��$JULFXOWXUH��(QYLURQPHQW�DQG�)LVKHULHV
'HSDUWPHQW��62$()'��0DULQH�/DERUDWRU\�WR�HYDOXDWH�DQG�FRPSDUH�GHJUDGDWLRQ�UDWHV�RI�YDULRXV�6%)V�DQG�2%)V�
7KH�WHVW�ZDV�GHVLJQHG�WR�VLPXODWH�ERWK�DHURELF�DQG�DQDHURELF�FRQGLWLRQV�WKDW�DUH�SUHVHQW�LQ�D�FXWWLQJV�SLOH�RQ�WKH�VHD
IORRU���,Q�WKH�62$()'�WHVW��D�EDVH�IOXLG�LV�PL[HG�ZLWK�VLHYHG�PDULQH�VHGLPHQW�WR�SURGXFH�FRQFHQWUDWLRQV�RI���������
DQG�������PJ�NJ�EDVH�IOXLG�LQ�VHGLPHQW��7KH�H[SRVXUH�FRQFHQWUDWLRQV�DUH�LQWHQGHG�WR�UHVHPEOH�PHDVXUHG
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FRQFHQWUDWLRQV�RI�2%)�EDVH�PLQHUDO�RLOV�LQ�VHGLPHQW�VDPSOHV�FROOHFWHG�������������P������������P��DQG�����P�
UHVSHFWLYHO\�IURP�D�SODWIRUP�GLVFKDUJLQJ�2%)�FXWWLQJV��7KH�WHVW�FKDPEHUV�DUH�PDLQWDLQHG�LQ�D�IORZLQJ�VHDZDWHU
WURXJK�IRU�����GD\V��7KH�FKDPEHUV�DUH�VDPSOHG�IRU�FKHPLFDO�DQDO\VLV�DIWHU������������DQG�����GD\V��7KH�EDVH
FKHPLFDO�LV�PHDVXUHG�LQ�WKH�VHGLPHQW�VDPSOHV�E\�JDV�FKURPDWRJUDSK\��'HJUDGDWLRQ�UDWHV�DQG�GHJUDGDWLRQ�KDOI�WLPHV
DUH�HVWLPDWHG��7KH�WHVW�SURYLGHV�D�PHDVXUH�RI�WKH�ORVV�RI�EDVH�IOXLGV�IURP�DOO�PHFKDQLVPV��QRW�MXVW�ELRGHJUDGDWLRQ�
5HIHUHQFH�WHVWV�PD\�EH�SHUIRUPHG�ZLWK�PLQHUDO�RLO��SRRUO\�ELRGHJUDGDEOH��DQG�D�YHJHWDEOH�RLO��H�J���ROLYH�RLO��UHDGLO\
ELRGHJUDGDEOH��

7KHUH�LV�D�ODUJH�GLIIHUHQFH�LQ�WKH�GHJUDGDWLRQ�UDWHV�DPRQJ�WKH�YDULRXV�6%)�EDVH�FKHPLFDOV��)LJXUH�����0XQUR�HW�DO�
����D����7KH�HVWHU�KDG�WKH�KLJKHVW�GHJUDGDWLRQ�UDWH�IROORZHG�E\�WKH�/$2���7KH�,2�DQG�SDUDIILQ�ZHUH�FRPSDUDEOH�WR
WKH�PLQHUDO�RLO�DW�������SSP��EXW�GHJUDGHG�IDVWHU�WKDQ�WKH�PLQHUDO�RLO�DW�WKH�ORZHU�FRQFHQWUDWLRQV��'HJUDGDWLRQ�UDWHV
RI�WKH�3$2�DQG�DFHWDO�ZHUH�VLPLODU�WR�WKH�PLQHUDO�RLO��WKRXJK�WKH�PLQHUDO�RLO�DSSHDUHG�WR�GHJUDGH�VRPHZKDW�IDVWHU�DW
WKH�����SSP�FRQFHQWUDWLRQ�

)LJXUH�����%LRGHJUDGDWLRQ�RI�6%)V�LQ�62$()'�7HVWV�DIWHU�����GD\V��)URP�0XQUR�HW�DO�������D��

6HGLPHQW�FKDUDFWHULVWLFV�LQIOXHQFH�WKH�UDWH�RI�ELRGHJUDGDWLRQ�RI�6%)�EDVH�FKHPLFDOV��7KH�KDOI�OLIH�RI�DQ�HVWHU�ZDV
�����GD\V�LQ�PXG�VHGLPHQWV��FRPSDUHG�WR������GD\V�LQ�VDQG�VHGLPHQWV��6WDJJ�HW�DO���������)LQH�JUDLQHG�VHGLPHQWV
DUH�PRUH�OLNHO\�WKDQ�VDQG\�VHGLPHQWV�WR�FRQWDLQ�D�ODUJHU��PRUH�GLYHUVH�EDFWHULDO�FRPPXQLW\��,Q�WKH�VROLG�SKDVH
ELRGHJUDGDWLRQ�V\VWHP��ILQH�VDQG�VHGLPHQWV�EHFRPH�DQDHURELF�PRUH�UDSLGO\�WKDQ�PXG�DQG�PXG�VDQG�VHGLPHQWV
�0XQUR�HW�DO������E������E��0RIIDW�HW�DO���������%HORZ�WKH�XSSHU���PP�RI�VHGLPHQW�LQ�WKH�WHVW�FKDPEHUV��UHGR[
SRWHQWLDO�GHFOLQHV�WR�EHORZ���P9�ZLWKLQ�DERXW����GD\V�LQ�WKH�SUHVHQFH�RI�����PJ�NJ�ROLYH�RLO��HVWHU��RU�/$2�

7KH�62$()'�WHVW�ZDV�GHVLJQHG�WR�UHIOHFW�HQYLURQPHQWDO�FRQGLWLRQV�EHWWHU�WKDQ�H[LVWLQJ�ODERUDWRU\�ELRGHJUDGDWLRQ
WHVWV��%HFDXVH�LW�PHDVXUHV�GLVDSSHDUDQFH�RI�EDVH�IOXLG�UDWKHU�WKDQ�DFWXDO�ELRGHJUDGDWLRQ��WKH�62$()'�VROLG�SKDVH
WHVW�RYHUHVWLPDWHV�ELRGHJUDGDWLRQ���2Q�WKH�RWKHU�KDQG��HYHQ�WKLV�WHVW�SUREDEO\�XQGHUHVWLPDWHV�GLVDSSHDUDQFH�UDWHV
WKDW�ZRXOG�RFFXU�LQ�WKH�ILHOG���2WKHU�LPSRUWDQW�IDFWRUV��VXFK�DV�KLJK�VHDEHG�FXUUHQWV��EHG�WUDQVSRUW��DQG�ELRWXUEDWLRQ�
DUH�QRW�FRQVLGHUHG��$�PRGLILHG�YHUVLRQ�RI�WKH�62$()'�VROLG�SKDVH�WHVW�ZDV�XVHG�WR�H[DPLQH�WKH�GHJUDGDWLRQ�RI�DQ
HVWHU�DQG�DQ�,2�XQGHU�HVWXDULQH�FRQGLWLRQV�VLPLODU�WR�WKRVH�HQFRXQWHUHG�LQ�QHDUVKRUH�ZDWHUV�RI�1LJHULD��0XQUR�HW�DO�
����E����7KH�VHGLPHQW�ZDV�FRDUVH�VLOW�IURP�DQ�HVWXDULQH�HQYLURQPHQW���%UDFNLVK�ZDWHU�DW���q&�ZDV�UHFLUFXODWHG
WKURXJK�WKH�WHVW�FKDPEHUV��2OLYH�RLO�ZDV�XVHG�DV�D�SRVLWLYH�ELRGHJUDGDEOH�FRQWURO�DQG�VRPH�VHGLPHQWV�ZHUH
SRLVRQHG�ZLWK�SK\ODWRO�DV�DELRWLF�FRQWUROV��7KH�WHVW�FKDPEHUV�FRQWDLQHG�����PJ�NJ�RI�WHVW�PDWHULDO��,Q����GD\V�
WKHUH�ZDV�D�ORVV�RI������WR�PRUH�WKDQ������SHUFHQW�RI�WKH�6%)�EDVH�PDWHULDO�RU�ROLYH�RLO�IURP�WKH�FKDPEHUV��7DEOH
�����(VWLPDWHG�KDOI�OLYHV�UDQJHG�IURP�����WR������GD\V��7KH�ROLYH�RLO�DQG�WKH�HVWHU�ZHUH�ERWK�ORVW�DW�DERXW���q&�

(VWHU�GHJUDGDWLRQ�ZDV�DERXW�WZLFH�DV�IDVW�DW���q&�DV�DW���q&��,2V�ZHUH�ORVW�PRUH�VORZO\�WKDQ�HVWHUV��EXW�ORVV�UDWHV
�ELRGHJUDGDWLRQ�SOXV�ZDVKRXW��ZHUH�KLJK�����WR����SHUFHQW�DIWHU����GD\V���,2�ORVV�IURP�SRLVRQHG�FKDPEHUV�ZDV
PXFK�VORZHU�WKDQ�IURP�QRQ�SRLVRQHG�FKDPEHUV��VKRZLQJ�WKDW�PRVW�RI�WKH�ORVV�IURP�WKH�QRQ�SRLVRQHG�FKDPEHUV�ZDV
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E\�ELRGHJUDGDWLRQ��7KH�GLIIHUHQFHV�ZHUH�VPDOO�IRU�HVWHUV��VXJJHVWLQJ�HLWKHU�WKDW�ORVV�RI�HVWHU�IURP�VHGLPHQWV�ZDV
IURP�GLVVROXWLRQ��HVWHUV�DUH�PRUH�ZDWHU�VROXEOH�WKDQ�RWKHU�6%)�EDVH�FKHPLFDOV��RU�FKHPLFDO��DELRWLF��K\GURO\VLV��
&RQFHQWUDWLRQV�RI���HWK\OKH[DQRO��D�GHJUDGDWLRQ�SURGXFW�RI�HVWHU��ZHUH�KLJKHVW�LQ�WKH�ZDWHU�RI�HVWHU�FKDPEHUV�WKDW
ZHUH�SRLVRQHG�DQG�ORZHVW�LQ�XQSRLVRQHG�FKDPEHUV�PDLQWDLQHG�DW���q&��7KLV�VXJJHVWV�HLWKHU�WKDW�WKH�HVWHU�ERQG�LV
HDVLO\�K\GURO\]HG�DELRWLFDOO\��RU�WKDW�ELRFLGH�UHVLVWDQW�EDFWHULD�LQ�WKH�VHGLPHQWV�ZHUH�K\GURO\]LQJ�WKH�HVWHUV�DQG
EDFWHULD�ZHUH�ELRGHJUDGLQJ�WKH�DOFRKRO�LQ�WKH�ZDWHU��$ELRWLF�GHJUDGDWLRQ�SUREDEO\�LV�QRW�DV�LPSRUWDQW�DV
ELRGHJUDGDWLRQ�LQ�UHPRYLQJ�HVWHUV�IURP�VHGLPHQWV�

0XQUR�HW�DO�������D��DOVR�HYDOXDWHG�RWKHU�IDFWRUV�DIIHFWLQJ�WKH�ELRGHJUDGDWLRQ�UDWH�RI�HVWHU�6%)�EDVH�FKHPLFDOV�LQ
VHGLPHQWV��7KH�62$()'�SURWRFRO�ZDV�XVHG�WR�H[DPLQH�HVWHU�ELRGHJUDGDWLRQ�RYHU�����GD\V�DW�LQLWLDO�FRQFHQWUDWLRQV
RI��������DQG��������PJ�NJ�DQG�GHJUDGDWLRQ�UDWH�GXULQJ�����GD\V�DW�WHPSHUDWXUHV�EHWZHHQ�¤��DQG���q&�

7DEOH������5DWHV�RI�ORVV��ELRGHJUDGDWLRQ�SOXV�ZDVKRXW��RI�HVWHU�DQG�,2�6%)�EDVH�FKHPLFDOV�LQ�D
PRGLILHG�62$()'�VROLG�SKDVH�WHVW��3HUFHQW�ORVV�LQ����GD\V�DQG�KDOI�OLIH��GD\V��DUH�JLYHQ�
)URP�0XQUR�HW�DO�������F��

7HVW�&KHPLFDO 3HUFHQW�/RVV�LQ����'D\V +DOI�/LIH��GD\V�

2OLYH�2LO ����������������������� ���

(VWHU����q&� ���� ���

(VWHU����q&� ���� ���

,QWHUQDO�2OHILQ���� ���� ���

,QWHUQDO�2OHILQ���� ���� ���

3RLVRQHG�(VWHU ���� ������������������������

3RLVRQHG�,QWHUQDO�2OHILQ ���� ������������������������

$W�����GD\V��SHUFHQW�ORVV�RI�HVWHU�IURP�WHVW�FKDPEHUV�ZDV�LQYHUVHO\�UHODWHG�WR�LQLWLDO�QRPLQDO�FRQFHQWUDWLRQ�RI�HVWHU�
3HUFHQW�GHJUDGDWLRQ�LQ�����GD\V�GHFUHDVHG�IURP����SHUFHQW�DW�����PJ�NJ��WR����SHUFHQW�DW��������PJ�NJ��7DEOH�����
$IWHU�����GD\V��HVWHU�ORVV�ZDV����SHUFHQW�DW�D�QRPLQDO�FRQFHQWUDWLRQ�RI��������PJ�NJ�HVWHU�DQG����SHUFHQW�DW
�������PJ�NJ�HVWHU��$�SRLVRQHG��������PJ�NJ�HVWHU�WUHDWPHQW�ORVW�RQO\���SHUFHQW�RI�WKH�HVWHU�LQ�����GD\V��+DOI�OLYHV
RI�HVWHU�LQ�VHGLPHQWV�UDQJHG�IURP����GD\V������PJ�NJ�HVWHU��WR�����GD\V���������PJ�NJ�HVWHU���7KH�KDOI�OLIH�IRU�WKH
��������PJ�NJ�WUHDWPHQW�ZDV�����GD\V�ZKHQ�HVWLPDWHG�E\�D�]HUR�RUGHU�NLQHWLF�PRGHO��7KHVH�UHVXOWV�VWURQJO\
VXJJHVW�WKDW�WKH�PDLQ�SDWKZD\�RI�HVWHU�GHJUDGDWLRQ�LV�E\�VHGLPHQW�PLFURELRWD�

7DEOH������3HUFHQW�GHJUDGDWLRQ�DIWHU�����GD\V�DQG�KDOI�OLIH��GD\V��RI�HVWHU�6%)�EDVH�FKHPLFDO
GHWHUPLQHG�ZLWK�WKH�62$()'�VROLG�SKDVH�ELRGHJUDGDWLRQ�WHVW�DW�DPELHQW�VHDZDWHU
WHPSHUDWXUHV����WR���qqqq&���(VWLPDWHG�KDOI�OLYHV�DUH�EDVHG�RQ�ILUVW�RUGHU�UHDFWLRQ�NLQHWLFV�
)URP�0XQUR�HW�DO�������D��

,QLWLDO�(VWHU�&RQFHQWUDWLRQ
�PJ�NJ�

3HUFHQW�'HJUDGDWLRQ�DW����
'D\V

+DOI�/LIH�LQ�6HGLPHQWV
�GD\V�

�������� �� ����

�������� �� ����

������� �� ����

������ �� ���

������ �� ���



��

7KHUH�ZDV�D�VWURQJ�OLQN�EHWZHHQ�WKH�UDWH�RI�GHJUDGDWLRQ�DQG�WHPSHUDWXUH���7KH�KDOI�OLIH�RI�WKH�HVWHU��DW�DQ�LQLWLDO
FRQFHQWUDWLRQ�RI�����PJ�NJ��GHFUHDVHG�IURP�����GD\V�DW�¤�q&�WR����GD\V�DW���q&��7DEOH������3HUFHQW�RI�HVWHU�ORVW
DIWHU�����GD\V�LQFUHDVHG�IURP����SHUFHQW�DW�¤�q&�WR����SHUFHQW�DW���q&��(VWHU�GHJUDGHG�PXFK�PRUH�VORZO\�DW�DQ
LQLWLDO�QRPLQDO�FRQFHQWUDWLRQ�RI������PJ�NJ�WKDQ�DW�DQ�LQLWLDO�FRQFHQWUDWLRQ�RI�����PJ�NJ��$W�DQ�LQLWLDO
FRQFHQWUDWLRQ�RI�������PJ�NJ��GHJUDGDWLRQ�DW�����GD\V�LQFUHDVHG�IURP����SHUFHQW�DW��q&�WR����SHUFHQW�DW���q&��DQG
KDOI�OLIH�GHFUHDVHG�IURP�����GD\V�WR�����GD\V��0LQHUDO�RLO�DW�DQ�LQLWLDO�FRQFHQWUDWLRQ�RI�����PJ�NJ�VKRZHG�RQO\
PLQLPDO�GHJUDGDWLRQ�DW��q&�DQG����SHUFHQW�GHJUDGDWLRQ�DW���q&�DIWHU�����GD\V�

7DEOH������3HUFHQW�GHJUDGDWLRQ�DIWHU�����GD\V�DQG�KDOI�OLIH��GD\V��RI�HVWHU�6%)�EDVH�FKHPLFDO�DW
GLIIHUHQW�WHPSHUDWXUHV�GHWHUPLQHG�ZLWK�WKH�62$()'�VROLG�SKDVH�ELRGHJUDGDWLRQ�WHVW��)URP
0XQUR�HW�DO�������D��

6XEVWUDWH�DQG�7HPSHUDWXUH 3HUFHQW�'HJUDGDWLRQ�DW����
'D\V

+DOI�/LIH�LQ�6HGLPHQWV��GD\V�

������������������(VWHU�¤�q& �� ��

������������������(VWHU��q& �� ��

������������������(VWHU��q& �� ��

(VWHU���q& �� ��

(VWHU���q& �� ��

������PJ�NJ�(VWHU��q& �� ��������������������������

������PJ�NJ�(VWHU���q& �� ��������������������������

0LQHUDO�2LO��q& �������� 5HJUHVVLRQ�,QVLJQLILFDQW

�0LQHUDO�2LO���q& �� ���

�����6LPXODWHG�6HDEHG�6WXGLHV

6LPXODWHG�VHDEHG�VWXGLHV�DUH�UHTXLUHG�IRU�WKH�LQWURGXFWLRQ�DQG�XVH�RI�DOO�QHZ�GULOOLQJ�IOXLGV�LQ�1RUZD\��9LN�HW�DO�
����D���7KHVH�VWXGLHV�KDYH�EHHQ�SHUIRUPHG�E\�WKH�1RUZHJLDQ�,QVWLWXWH�RI�:DWHU�5HVHDUFK��1,9$���7KH�1,9$
VLPXODWHG�VHDEHG�FKDPEHUV�DUH�LQWHQGHG�WR�PRUH�DFFXUDWHO\�VLPXODWH�RIIVKRUH�FRQGLWLRQV�IRU�ELRGHJUDGDWLRQ�WKDQ�WKH
VWDQGDUG�ODERUDWRU\�DQG�VROLG�SKDVH�WHVWV��*URXSV�RI�H[SRVXUH�FKDPEHUV�DUH�ILOOHG�ZLWK����FP�RI�KRPRJHQL]HG
LQWHUWLGDO�PDULQH�VHGLPHQW�IURP�RXWHU�2VORIMRUG��7KH�QDWXUDO�EHQWKLF�IDXQD�DQG�IORUD�DUH�QRW�UHPRYHG�
+RPRJHQL]DWLRQ�PD\�GHVWUR\�VRPH�RI�WKH�IDXQD��VR�UHFHQW�WHVWV�KDYH�EHHQ�SHUIRUPHG�ZLWK�LQWDFW�VHGLPHQWV�FRUHV
WKDW�DUH�SODFHG�LQ�WKH�FKDPEHUV�ZLWK�PLQLPDO�GLVWXUEDQFH��7KH�VHGLPHQWV�LQ�WKH�FKDPEHUV�DUH�FRYHUHG�ZLWK�D����FP
OD\HU�RI�QDWXUDO�VHDZDWHU�IURP�2VORIMRUG��$W�WKH�LQLWLDWLRQ�RI�WKH�WHVW��FXWWLQJV�IURP�DQ�RIIVKRUH�SODWIRUP�DUH�GLOXWHG
ZLWK�FOHDQ�VHGLPHQW�DQG�OD\HUHG�RQ�WKH�VHGLPHQW�LQ�WKH�FKDPEHUV��WKH�XVXDO�GHSWK�RI�FXWWLQJV�LV���WR���PP�

&RQFHQWUDWLRQV�DUH�PHDVXUHG�DV�PJ�6%)�FP��RI�VHGLPHQW�LQ�WKH�FKDPEHU��7HVWV�DUH�UXQ�IRU�XS�WR�����GD\V��$W
GLIIHUHQW�WLPHV�GXULQJ�DQG�DW�WKH�HQG�RI�WKH�WHVW��FKDPEHUV�DUH�VDPSOHG�IRU�6%)��EDULWH��DQG�EHQWKLF�IDXQD��%DULWH�LV
XVHG�DV�D�FRQVHUYDWLYH�PDUNHU�RI�WKH�6%)�FXWWLQJV��7KH�DPRXQW�RI�6%)�ZDVKRXW�IURP�WKH�FKDPEHUV�FDQ�EH
HVWLPDWHG�E\�QRUPDOL]LQJ�6%)�FRQFHQWUDWLRQV�WR�EDULWH�FRQFHQWUDWLRQV��(DFK�VWXG\�FRPSDUHV�VHYHUDO�W\SHV�RI�6%)
FXWWLQJV���7KHUH�PD\�EH�VRPH�OLPLWDWLRQV�RQ�FRPSDULVRQV�DPRQJ�VWXGLHV�GXH�WR�PLQRU�DGMXVWPHQWV�LQ�SURFHGXUHV�RU
SRVVLEO\�DV�D�UHVXOW�RI�VHDVRQDO�YDULDWLRQ�LQ�WKH�EHQWKLF�IDXQD�SUHVHQW�

7KH�RUJDQLF�SKDVH�RI�WKH�GLIIHUHQW�PXG�FXWWLQJV�VDPSOHV�GLVDSSHDUHG�WKURXJK�ELRGHJUDGDWLRQ��ZDVKRXW��DQG
ELRWXUEDWLRQ�IURP�WKH�FKDPEHUV�DW�GLIIHUHQW�UDWHV��7DEOH������(VWHU�6%)�FXWWLQJV�GHJUDGHG�PRVW�UDSLGO\��IROORZHG�E\
/$2�DQG�,2�6%)�FXWWLQJV��7KH�ORZHVW�ORVVHV�ZHUH�IRU�PLQHUDO�RLO�DQG�3$2�FXWWLQJV��7KH�HVWHU�ZDV�FRPSOHWHO\
GHJUDGHG�DW�WKH�HQG�RI�WKH�H[SHULPHQW��DQG�WKHUH�ZDV�D�ZKLWH�PDW�RI�VXOIDWH�UHGXFLQJ�EDFWHULD�RQ�WKH�VXUIDFH�RI�WKH
VHGLPHQW��LQGLFDWLQJ�DQDHURELF�FRQGLWLRQV��6HGLPHQWV�LQ�WKH�RWKHU�H[SRVXUHV�GLG�QRW�EHFRPH�DQDHURELF�GXULQJ�WKH
WHVWV�



��

7DEOH������6XPPDU\�RI�UHVXOWV�RI�ILYH�1,9$�VLPXODWHG�VHDEHG�6%)�ELRGHJUDGDWLRQ�VWXGLHV��7HVW
VXEVWDQFHV�ZHUH�6%)�RU�PLQHUDO�RLO�FXWWLQJV�IURP�RIIVKRUH�SODWIRUPV��%LRGHJUDGDWLRQ�LV
H[SUHVVHG�DV�SHUFHQW�GLVDSSHDUDQFH�IURP�WHVW�FKDPEHUV�DIWHU����DQG�����GD\V��5HJUHVVLRQ
DQDO\VLV�RI�ORVV�UDWH�GDWD�ZHUH�XVHG�WR�HVWLPDWH�WKH�KDOI�OLYHV��GD\V��RI�6%)V�LQ�PDULQH
VHGLPHQWV���)URP�9LN�HW�DO�������D�E��

0XG�&XWWLQJV�7HVWHG %LRGHJUDGDWLRQ��'LVDSSHDUDQFH��� 0HDQ�+DOI�/LIH

$IWHU����'D\V $IWHU�����'D\V WÙ��'D\V�

(VWHU �� �� ���

/$2 �� �� ���

,2 �� �� ���

$FHWDO �� �� ���

3$2 �� �� ���

0LQHUDO�2LO �� �� ���

0HDQ�HVWLPDWHG�KDOI�OLYHV�IRU�WKH�RUJDQLF�SKDVH�RI�6%)�FXWWLQJV�UDQJHG�LQ�GLIIHUHQW�WHVWV�DQG�IRU�GLIIHUHQW�6%)�EDVH
FKHPLFDOV�IURP����GD\V�WR�����GD\V��7DEOH�����)LJXUH�����(VWLPDWHG�KDOI�OLYHV�IRU�PLQHUDO�RLO�ZHUH�KLJKO\�YDULDEOH�
SRVVLEO\�EHFDXVH�RI�KHWHURJHQHRXV�GLVWULEXWLRQ�RI�WKH�K\GURFDUERQ�PL[WXUH�LQ�VHGLPHQWV��%DVHG�RQ�HVWLPDWHG�KDOI�
OLYHV��GHJUDGDWLRQ�UDWH�FDQ�EH�UDQNHG�IURP�KLJKHVW�WR�ORZHVW�DV�

�HVWHU!/$2!,2!DFHWDO|3$2|PLQHUDO�RLO�

�2YHUDOO��WKH�62$()'�DQG�1,9$�WHVWV�JDYH�URXJKO\�HTXLYDOHQW�UHVXOWV�
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���

���

���

���

���

0LQHUDO�2LO HWKHU 3$2 ,2 /$2 HVWHU
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)LJXUH�����+DOI�OLIH�RI�YDULRXV�6%)V�LQ�1,9$�VLPXODWHG�VHDEHG�VWXGLHV��%DUV�GHQRWH�FRQILGHQFH�OLPLWV�

6FKDDQQLQJ�HW�DO���������REWDLQHG�VLPLODU�UHVXOWV�ZKHQ�LQWDFW�VHGLPHQW�FRUHV�UDWKHU�WKDQ�KRPRJHQL]HG�VHGLPHQWV
ZHUH�XVHG�LQ�WKH�FKDPEHUV��6HGLPHQW�FRUHV�ZHUH�FROOHFWHG�IURP�����P�LQ�2VORIMRUG�DQG�KDG�LQWDFW�EHQWKLF
FRPPXQLWLHV��&KDPEHUV�ZHUH�LQFXEDWHG�IRU�XS�WR�����GD\V��6%)�EDULXP�QRUPDOL]DWLRQ�ZDV�XVHG�WR�HVWLPDWH�WKH



��

IUDFWLRQ�RI�6%)�ORVV�IURP�FKDPEHUV�WKDW�ZDV�FDXVHG�E\�ELRGHJUDGDWLRQ��,Q�WKLV�V\VWHP��HVWHU�DQG�PLQHUDO�RLO
ELRGHJUDGHG�PRUH�TXLFNO\��DQG�/$2�GHJUDGHG�PRUH�VORZO\�WKDQ�LQ�WKH�KRPRJHQL]HG�VHGLPHQW�FKDPEHUV��7DEOH�����
+RZHYHU��WKH�GLIIHUHQFHV�ZHUH�VPDOO��VXJJHVWLQJ�WKDW�WKH�EHQWKLF�IDXQD��VRPH�RI�ZKLFK�DUH�ORVW�GXULQJ
KRPRJHQL]DWLRQ��SOD\�RQO\�D�PLQRU�UROH�LQ�ELRGHJUDGLQJ�6%)�FXWWLQJV��7KH�WZR�HVWHUV�GHJUDGHG�DW�VOLJKWO\�GLIIHUHQW
UDWHV��7KH�PRUH�GHJUDGDEOH�$QFR�*UHHQ�LV�D�PL[WXUH�RI�LVRSURS\O�HVWHUV�RI�VDWXUDWHG�DQG�XQVDWXUDWHG�IDWW\�DFLGV�LQ
WKH�&���WR�&���UDQJH��3HWURIUHH�ZDV�D�PL[WXUH�RI�ILYH�KRPRORJRXV�IDWW\�DFLG�HVWHUV�EDVHG�RQ���HWK\OKH[\O
GRGHFDQRDWH��6RPH�SHWURIUHH�IRUPXODWLRQV�PD\�FRQWDLQ�RWKHU�6%)�EDVH�FKHPLFDOV�VXFK�DV�/$2�RU�3$2�

7DEOH������$YHUDJH�KDOI�OLYHV�RI�6%)�FXWWLQJV�LQ�VLPXODWHG�VHDEHG�FKDPEHUV�FRQWDLQLQJ�LQWDFW
VHGLPHQWV�DQG�EHQWKLF�FRPPXQLWLHV�GXULQJ�D�����GD\�LQFXEDWLRQ��%LRGHJUDGDWLRQ�UDWH�ZDV
HVWLPDWHG�IURP�6%)�EDULXP�FRQFHQWUDWLRQ�UDWLRV��)URP�6FKDDQQLQJ�HW�DO���������

'ULOOLQJ�0XG�&XWWLQJV +DOI�/LIH�IRU�/RVV��GD\V�

7RWDO�/RVV %LRGHJUDGDWLRQ
(VWHU��$QFR�*UHHQ� ���� ����

(VWHU��3HWURIUHH� ���� ����

/$2 ���� ����

,2 ���� ���������������������������

0LQHUDO�2LO �������������������������� ���������������������������

3DUW�RI�WKH�YDULDWLRQ�LQ�WKH�UHVXOWV�RI�WKH�1,9$�VLPXODWHG�VHDEHG�VWXGLHV�LV�WKH�HIIHFW�RI�6%)�FRQFHQWUDWLRQ�RQ
ELRGHJUDGDWLRQ�UDWH��DV�KDV�EHHQ�REVHUYHG�IRU�RWKHU�ELRGHJUDGDWLRQ�WHVW�PHWKRGV��'HJUDGDWLRQ�UDWH�GHFUHDVHV�DV�WKH
FRQFHQWUDWLRQ�RI�6%)�DGGHG�WR�WKH�VHGLPHQWV�LQ�WKH�WHVW�FKDPEHUV�LQFUHDVHV��7DEOH�����

7DEOH������(IIHFW�RI�6%)�FRQFHQWUDWLRQ�LQ�1,9$�VLPXODWHG�VHDEHG�ELRGHJUDGDWLRQ�WHVW�FKDPEHUV�RQ
WKH�KDOI�OLIH�RI�WKH�V\QWKHWLF�EDVH�FKHPLFDO��)URP�6FKDDQQLQJ�HW�DO���������

6%)�%DVH�&KHPLFDO &RQFHQWUDWLRQ��PJ�FP�� +DOI�/LIH��GD\V�

(VWHU ����¤���� ��������

�����¤����� ��������

3$2 ��� �������

����¤���� �������

7KH�HWKHU�6%)�DQG�PLQHUDO�RLO�2%)��)LJXUH����KDG�D�ODJ�SKDVH�RI�DSSUR[LPDWHO\����GD\V�EHIRUH�GHJUDGDWLRQ�EHJDQ
�6FKDDQQLQJ���������$�VLPLODU�ODJ�LQ�WKH�VWDUW�RI�ELRGHJUDGDWLRQ�ZDV�LGHQWLILHG�GXULQJ�WKH�263$5�5LQJ�7HVW�6WXGLHV
IRU�DOO�PHWKRGV�XVHG��(OI�$NXDPLOMR��������'XULQJ�WKH�ODJ�SHULRG��WKH�VHGLPHQW�EDFWHULDO�FRPPXQLW\�PD\�EH
FKDQJLQJ�WR�LQFOXGH�PRUH�K\GURFDUERQ�GHJUDGHUV�DQG�WKH�K\GURFDUERQ�GHJUDGHUV�PD\�EH�DGDSWLQJ�WR�PHWDEROL]LQJ
WKH�6%)�EDVH�FKHPLFDOV��$WODV�������

,Q�VRPH�RI�WKH�VLPXODWHG�VHDEHG�VWXGLHV��HIIHFWV�RI�WKLQ�OD\HUV�RI�6%)�FXWWLQJV�RQ�WKH�EHQWKLF�IDXQD�LQ�WKH�WHVW
FKDPEHUV�ZHUH�H[DPLQHG��6FKDDQQLQJ�HW�DO����������)DXQD�ZHUH�HQXPHUDWHG�DW�WKH�EHJLQQLQJ�DQG�HQG�RI�WKH�WHVWV�
7ZR�HVWHU�6%)V�KDG�WKH�JUHDWHVW�LPSDFWV�RQ�WKH�EHQWKLF�IDXQD�LQ�WKH�FKDPEHUV��7DEOH������([SRVXUH�WR�D�WKLQ�OD\HU
RI�HVWHU�,,��3HWURIUHH��UHVXOWHG�LQ�D�VXEVWDQWLDO�GHFUHDVH�LQ�WKH�QXPEHU�RI�VSHFLHV�DQG�LQGLYLGXDOV�LQ�WKH�FKDPEHUV�DQG
ORZ�GLYHUVLW\�LQGLFHV��0LQHUDO�RLO�ZDV�OHVV�KDUPIXO�WKDQ�HVWHU�,,�WR�WKH�EHQWKLF�IDXQD��(VWHU�,��$QFR�*UHHQ��DQG�,2
ZHUH�HVVHQWLDOO\�ZLWKRXW�HIIHFWV�RQ�WKH�EHQWKLF�IDXQD�LQ�WKH�H[SRVXUH�FKDPEHUV�DQG�HIIHFWV�RI�/$2�ZHUH�PLQRU�



��

7DEOH������(IIHFWV�RI�6%)�FXWWLQJV�OD\HUHG������WR�����PP��RQ�QDWXUDO�VHGLPHQWV�LQ�1,9$�VLPXODWHG
VHDEHG�FKDPEHUV�RQ�FKDUDFWHULVWLFV�RI�EHQWKLF�FRPPXQLWLHV�DIWHU�����GD\V��)URP
6FKDDQQLQJ�HW�DO���������

6%)�&XWWLQJV 1R��6SHFLHV 1R��,QGLYLGXDOV 'LYHUVLW\��+� 'LYHUVLW\��(6����

&RQWURO ���¤��� ����¤���� �����¤����� ������¤������

(VWHU�, ���¤��� ����¤���� �����¤����� ������¤������

(VWHU�,, ��¤�� ���¤��� �����¤����� ���

,2 ���¤��� ����¤���� �����¤����� ������¤������

/$2 ���¤��� ����¤���� �����¤����� ������¤������

0LQHUDO�2LO ���¤��� ����¤���� ���� ������¤������

7KH�KDUPIXO�HIIHFWV�RI�WKH�6%)�FXWWLQJV�RQ�EHQWKLF�IDXQD��DV�PHDVXUHG�E\�GLYHUVLW\�LQGLFHV��ZHUH�FRUUHODWHG�WR
VHGLPHQW�UHGR[�SRWHQWLDO��(K���DQ�LQGLFDWLRQ�RI�R[\JHQ�DYDLODELOLW\�LQ�VHGLPHQWV��)LJXUH�����6HGLPHQWV�ZLWK�DQ�(K
DSSURDFKLQJ���P9�DUH�K\SR[LF��7KH�ORZHVW�(K�YDOXHV�ZHUH�SURGXFHG�E\�WKH�HVWHUV�WKDW�DUH�KLJKO\�ELRGHJUDGDEOH�
7KH�RWKHU�6%)�EDVH�FKHPLFDOV�DQG�PLQHUDO�RLO�ELRGHJUDGH�VORZO\�DQG�GLG�QRW�PDUNHGO\�GHFUHDVH�VHGLPHQW�(K�

2UJDQLF�HQULFKPHQW�RI�VHGLPHQWV�RIWHQ�SURGXFHV�D�UHGXFWLRQ�LQ�WKH�QXPEHU�RI�VSHFLHV�DQG�D�PDUNHG�LQFUHDVH�LQ�WKH
DEXQGDQFH�RI�D�IHZ�VWUHVV�WROHUDQW�VSHFLHV��3HDUVRQ�DQG�5RVHQEHUJ��������7KLV�ZDV�REVHUYHG�LQ�WKH�1,9$
VLPXODWHG�VHDEHG�FKDPEHUV�GRVHG�ZLWK�HVWHU�6%)�FXWWLQJV��,Q�WKH�3HWURIUHH�FKDPEHUV��PRVW�VSHFLHV�RI�EHQWKLF�IDXQD
ZHUH�HOLPLQDWHG�RU�WKHLU�QXPEHUV�ZHUH�JUHDWO\�UHGXFHG�FRPSDUHG�WR�FRQWUROV��7KH�DEXQGDQFH�RI�D�SROOXWLRQ�WROHUDQW
SRO\FKDHWH�LQFUHDVHG��,W�UHSUHVHQWHG�PRUH�WKDQ�KDOI�WKH�LQGLYLGXDOV�LQ�WKH�3HWURIUHH�FKDPEHUV��6HYHUDO�RI�WKH�VSHFLHV
WKDW�GLVDSSHDUHG�IURP�WKH�VHGLPHQWV�DUH�NQRZQ�WR�EH�LQWROHUDQW�RI�ORZ�R[\JHQ�FRQFHQWUDWLRQV�LQ�VHGLPHQW�SRUH
ZDWHU�

7KHUH�ZHUH�FKDQJHV�LQ�WKH�DFWLYLW\�RI�R[LGDWLYH�HQ]\PHV��JOXWDWKLRQH�UHGXFWDVH�DQG�FDWDODVH��LQ�WKH�WLVVXHV�RI
SRO\FKDHWH�ZRUPV�+HGLVWH��1HUHLV��GLYHUVLFRORU�IROORZLQJ�H[SRVXUH�WR�6%)�FXWWLQJV��6FKDDQQLQJ�HW�DO���������7KH
HQ]\PH�DFWLYLW\�UHVSRQVHV�LQGLFDWHG�WKDW�WKH�ZRUPV�H[SRVHG�WR�$QFR�*UHHQ��HVWHU���/$2��DQG�,2�FXWWLQJV�ZHUH
H[SHULHQFLQJ�R[LGDWLYH�VWUHVV��SUREDEO\�UHVXOWLQJ�IURP�D�GHFUHDVH�LQ�R[\JHQ�FRQFHQWUDWLRQ�LQ�WKH�VHGLPHQWV��7KH
ZRUPV�GLG�QRW�VXUYLYH�H[SRVXUH�WR�3HWURIUHH��HVWHU���%HQWKLF�LQYHUWHEUDWHV�LQ�WKH�1,9$�FKDPEHUV�ZHUH�DGYHUVHO\
DIIHFWHG�E\�D�UHGXFWLRQ�LQ�VHGLPHQW�R[\JHQ�FRQFHQWUDWLRQ�FDXVHG�E\�RUJDQLF�ORDGLQJ�RI�WKH�VHGLPHQWV�ZLWK�6%)
EDVH�FKHPLFDOV��QRW�E\�WKH�WR[LFLW\�RI�WKH�FKHPLFDOV�

7KH�1,9$�FKDPEHUV�DOVR�ZHUH�XVHG�WR�HYDOXDWH�WKH�HIIHFW�RI�WHPSHUDWXUH�RQ�ELRGHJUDGDWLRQ�UDWH�RI�HVWHU�DQG�/$2
FXWWLQJV��6FKDDQQLQJ�HW�DO���������&KDPEHUV�FRQWDLQHG�VHGLPHQW�IURP�QRUWKHUQ�1RUZD\��ZDWHU�WHPSHUDWXUH�¤
����q&��DQG�IURP�2VORIMRUG��ZDWHU�WHPSHUDWXUH���WR��q&��DQG�ZHUH�PDLQWDLQHG�DW�¤���q&�DQG��q&��UHVSHFWLYHO\��IRU
WKH����GD\�GXUDWLRQ�RI�WKH�H[SRVXUH�

7KH�VPDOO�WHPSHUDWXUH�GLIIHUHQFH�KDG�OLWWOH�HIIHFW�RQ�WKH�ELRGHJUDGDWLRQ�UDWH�RI�HVWHU�DQG�/$2�FXWWLQJV��7DEOH�����
%LRGHJUDGDWLRQ�UDWH�ZDV�VOLJKWO\�ORZHU�LQ�DUFWLF�WKDQ�LQ�WKH�ZDUPHU�ZDWHU�VHGLPHQWV��%LRGHJUDGDWLRQ�UDWH�GHFUHDVHG
DV�WKH�FRQFHQWUDWLRQ�RI�HVWHU�RU�/$2�OD\HUHG�RQ�WKH�VHGLPHQW�LQFUHDVHG��7KH�HIIHFW�RI�6%)�FRQFHQWUDWLRQ�ZDV
JUHDWHVW�IRU�WKH�HVWHU�LQ�WKH�FROG�ZDWHU�FKDPEHUV�

$YHUDJH�R[\JHQ�FRQVXPSWLRQ��DQ�LQGLFDWLRQ�RI�PLFURELDO�ELRGHJUDGDWLRQ��RI�WKH�VHGLPHQWV�ZDV�VLPLODU�LQ�DOO
WUHDWPHQWV��&XPXODWLYH�R[\JHQ�FRQVXPSWLRQ�ZDV�KLJKHU�LQ�WKH�2VORIMRUG�WKDQ�LQ�WKH�3RUVDQJHQ�VHGLPHQWV�
+RZHYHU��R[\JHQ�FRQVXPSWLRQ�LQ�WKH�DUFWLF�FKDPEHUV�LQLWLDOO\�ZDV�ORZHU�WKDQ�WKDW�LQ�WKH�2VORIMRUG�FKDPEHUV�
2[\JHQ�FRQVXPSWLRQ�LQFUHDVHG�ZLWK�WLPH�LQ�WKH�DUFWLF�FKDPEHUV��EXW�UHPDLQHG�UHODWLYHO\�FRQVWDQW�LQ�WKH�2VORIMRUG
FKDPEHUV��7KLV�UHVXOW�VXJJHVWV�WKDW�WKH�PLFURELDO�FRPPXQLW\�LQ�WKH�DUFWLF�FKDPEHUV�UHTXLUHG�D�SHULRG�RI�DFFOLPDWLRQ
EHIRUH�WKH\�FRXOG�GHJUDGH�WKH�6%)�EDVH�FKHPLFDOV��5HGR[�SRWHQWLDO�GHFUHDVHG�LQ�DOO�FKDPEHUV��LQGLFDWLQJ�D
GHSOHWLRQ�RI�R[\JHQ��7KH�ORZHVW�(K�ZDV���LQ�2VORIMRUG�VHGLPHQWV�WUHDWHG�ZLWK�HVWHU��7KH�GHFOLQH�LQ�UHGR[�SRWHQWLDO
ZDV�JUHDWHU�IRU�HVWHU�WUHDWPHQWV�WKDQ�IRU�/$2�WUHDWPHQWV�EXW�WHPSHUDWXUH�HIIHFWV�ZHUH�PLQLPDO�
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)LJXUH�����5HODWLRQVKLS�EHWZHHQ�UHGR[�SRWHQWLDO�DQG�GLYHUVLW\�IRU�1,9$�VHDEHG�VLPXODWLRQ�VWXGLHV��& FRQWURO�
02 PLQHUDO�RLO��(V HVWHU��3$2��,2��/$2� �ROHILQV���)URP�6FKDDQQLQJ�HW�DO��������

7DEOH������(IIHFW�RI�LQFXEDWLRQ�WHPSHUDWXUH�RQ�WKH�ELRGHJUDGDWLRQ�RI�HVWHU�DQG�/$2�FXWWLQJV�LQ
VHGLPHQWV�IURP�QRUWKHUQ������qqqq&��DQG�VRXWKHUQ�����qqqq&��1RUZD\��3HUFHQW�ELRGHJUDGDWLRQ�LV
EDVHG�RQ�WKH�6%)�EDULXP�UDWLR��)URP�6FKDDQQLQJ�HW�DO���������

/RFDWLRQ 6%)�&XWWLQJV 'RVH
�PJ�FP��

��%LRGHJUDGDWLRQ +DOI�/LIH
�'D\V�

2VORIMRUG�����q&� (VWHU ��� �� ���

��� �� ����

����������� �� ���

/$2 ��� ������������������ ���

��� �� ����

����������� �� ���

3RUVDQJHQ������q&� (VWHU ��� �� ���

��� �� ����

����������� �� ���

/$2 ��� �� ���

��� �� ����

����������� �� ���

%HQWKLF�IDXQD�ZHUH�PRUH�DEXQGDQW�DQG�GLYHUVH�LQ�2VORIMRUG�VHGLPHQWV�WKDQ�LQ�3RUVDQJHQ�VHGLPHQWV���+RZHYHU�
QXPEHU�RI�VSHFLHV��QXPEHU�RI�LQGLYLGXDOV��DQG�VSHFLHV�GLYHUVLW\�GLG�QRW�YDU\�PXFK�ZLWK�6%)�W\SH�DQG�H[SRVXUH
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FRQFHQWUDWLRQ��LQGLFDWLQJ�WKDW�WKH�GLIIHUHQFHV�REVHUYHG�ZHUH�FKDUDFWHULVWLF�RI�WKH�DUFWLF�DQG�WHPSRUDO�EHQWKLF
FRPPXQLWLHV��7KLV�VWXG\�VKRZV�WKDW�WHPSHUDWXUH�KDV�OLWWOH�HIIHFW�RQ�WKH�UDWH�RI�ELRGHJUDGDWLRQ�DQG�ELRORJLFDO�HIIHFWV
RI�HVWHU�DQG�/$2�FXWWLQJV�LQ�VHGLPHQWV��%LRGHJUDGDWLRQ�RFFXUUHG�HYHQ�DW�¤���q&��7KH�WHPSHUDWXUH�RI�ERWWRP�ZDWHU
LQ�WKH�GHHS�ZDWHUV��a�����P��RI�WKH�QRUWKHUQ�*XOI�RI�0H[LFR�UHPDLQ�DW�DERXW��q&�\HDU�URXQG��7KXV��WKH�UHVXOWV�RI
WKH�1,9$�VWXGLHV�DUH�UHOHYDQW�WR�FRQGLWLRQV�LQ�GHHS�ZDWHUV�RI�WKH�*XOI�RI�0H[LFR��$V�GLVFXVVHG�SUHYLRXVO\��6%)
EDVH�FKHPLFDO�FRQFHQWUDWLRQV�LQ�VXUIDFH�VHGLPHQWV�QHDU�RIIVKRUH�GLVFKDUJHV�TXLWH�IUHTXHQWO\�DUH�PXFK�KLJKHU
LQLWLDOO\�WKDQ����PJ�FP���WKH�KLJKHVW�FRQFHQWUDWLRQ�XVHG�LQ�WKH�1,9$�WHVWV��HVSHFLDOO\�ZLWKLQ�DERXW�����P�RI�WKH
GLVFKDUJH��'HJUDGDWLRQ�UDWHV�LQ�KHDYLO\�FRQWDPLQDWHG�VXUIDFH�VHGLPHQWV�DUH�OLNHO\�WR�EH�VXEVWDQWLDOO\�VORZHU�WKDQ
WKRVH�HVWLPDWHG�LQ�1,9$�WHVWV�

�����%,2$9$,/$%,/,7<�$1'�72;,&,7<�2)�6%)�&877,1*6

(QYLURQPHQWDO�LPSDFWV�WKDW�PD\�UHVXOW�IURP�WKH�GLVFKDUJH�RI�GULOOLQJ�IOXLGV�DQG�FXWWLQJV�WR�WKH�RFHDQ�DUH�RI�WZR
W\SHV��HIIHFWV�RQ�ZDWHU�FROXPQ��SHODJLF��HFRV\VWHPV��DQG�HIIHFWV�RQ�VHD�ERWWRP��EHQWKLF��HFRV\VWHPV��1DWLRQDO
5HVHDUFK�&RXQFLO�������1HII�������+LQZRRG�HW�DO���������)ROORZLQJ�GLVFKDUJH�WR�WKH�RFHDQ��:%)V�DQG�:%)
FXWWLQJV�PL[�ZLWK�DQG�GLVSHUVH�LQ�WKH�DPELHQW�VHDZDWHU���7KH�ODUJH�LQGLYLGXDO�FXWWLQJV�SDUWLFOHV�VLQN�UDSLGO\�WR�WKH
VHDIORRU��7KH�:%)�SOXPH��FRQWDLQLQJ�WKH�FOD\�VL]HG�SDUWLFOHV��HQWUDLQV�VHDZDWHU�DV�LW�GHVFHQGV�DQG�HYHQWXDOO\
UHDFKHV�WKH�VHDIORRU�RU�EHFRPHV�QHXWUDOO\�EXR\DQW��%UDQGVPD�HW�DO��������%UDQGVPD�DQG�6DXHU���������7KH�VDOWV�LQ
VHDZDWHU�FDXVH�FOD\�SDUWLFOHV�WR�IORFFXODWH�DV�WKH�PXG�GLOXWHV��6RPH�RI�WKH�ODUJHU�IORFFXODWHG�PXG�SDUWLFOHV�PD\
VHWWOH�QHDU�WKH�ZHOO�VLWH��KRZHYHU��H[FHSW�LQ�UHODWLYHO\�VKDOORZ�ZDWHUV��PRVW�RI�WKH�PXG�SDUWLFOHV�GLVSHUVH�RYHU�D
ZLGH�DUHD�DQG�DFFXPXODWH�LQ�VHGLPHQWV�DW�ORZ�FRQFHQWUDWLRQV�

2Q�WKH�RWKHU�KDQG��2%)�DQG�6%)�FXWWLQJV�DUH�¦RLO�ZHW§�DQG�VR�GR�QRW�PL[�HIILFLHQWO\�ZLWK�WKH�UHFHLYLQJ�ZDWHUV
�*URZFRFN�HW�DO��������*HWOLII�HW�DO���������7KH\�WHQG�WR�FOXPS��ZLWK�WKH�ODUJH�FOXPSV�VHWWOLQJ�TXLFNO\�WR�WKH
ERWWRP��7KH�WHQGHQF\�IRU�FXWWLQJV�WR�FOXPS�LQFUHDVHV�DV�WKH�FRQFHQWUDWLRQ�RI�6%)�RQ�WKH�FXWWLQJV�LQFUHDVHV��7KH
DYHUDJH�FRQFHQWUDWLRQ�RI�6%)�EDVH�FKHPLFDO�RQ�6%)�FXWWLQJV�GLVFKDUJHG�WR�WKH�*XOI�RI�0H[LFR�LV�DERXW����SHUFHQW�
&XWWLQJV�FRQWDLQLQJ�WKLV�FRQFHQWUDWLRQ�RI�DGKHULQJ�6%)�ZLOO�FOXPS�DQG�VLQN�UDSLGO\�WR�WKH�ERWWRP��&XWWLQJV
FRQWDLQLQJ���SHUFHQW�/$2�GR�QRW�FOXPS��7KH\�DUH�OLNHO\�WR�GLVSHUVH�UHDGLO\�LQ�WKH�ZDWHU�FROXPQ�RYHU�D�ODUJH�DUHD
DQG�QRW�IRUP�D�FXWWLQJV�SLOH�RQ�WKH�VHD�IORRU��*HWOLII�HW�DO��������

%HFDXVH�RI�WKH�GLIIHUHQFHV�LQ�EHKDYLRU�RI�:%)�DQG�6%)�FXWWLQJV��ZDWHU�FROXPQ�RUJDQLVPV�DUH�OLNHO\�WR�EH�H[SRVHG
WR�GULOOLQJ�PXG�FRPSRQHQWV�QHDU�SODWIRUPV�GLVFKDUJLQJ�:%)�DQG�:%)�FXWWLQJV���:DWHU�FROXPQ�H[SRVXUH�ZLOO�EH
PLQLPDO�QHDU�SODWIRUPV�GLVFKDUJLQJ�2%)�RU�6%)�FXWWLQJV��&RQFHQWUDWLRQV�RI�:%)�FXWWLQJV�DUH�OLNHO\�WR�EH�ORZHU
WKDQ�WKRVH�RI�6%)�FXWWLQJV�LQ�VHGLPHQWV�ZLWKLQ�DERXW�����P�RI�WKH�FXWWLQJV�GLVFKDUJH��3HODJLF�DQG�EHQWKLF
RUJDQLVPV�PD\�EH�DIIHFWHG�E\�:%)�GLVFKDUJHV��EXW�RQO\�EHQWKLF�RUJDQLVPV�DUH�OLNHO\�WR�EH�DIIHFWHG�E\�6%)
FXWWLQJV�GLVFKDUJHV�

0DQ\�VWXGLHV�RI�HQYLURQPHQWDO�LPSDFWV�RI�:%)�GLVFKDUJHV�KDYH�VKRZQ�WKDW�PXG�WR[LFLW\�WR�ZDWHU�FROXPQ
RUJDQLVPV�LV�ORZ��XQOHVV�WKH�PXG�FRQWDLQV�KLJK�FRQFHQWUDWLRQV�RI�GLHVHO��DGGHG�WR�:%)�IRU�OXEULFLW\��RU�KH[DYDOHQW
FKURPLXP��DGGHG�WR�WHPSHUDWXUH�VWDELOL]H�FKURPH�OLJQRVXOIRQDWH���1HII�������+LQZRRG�HW�DO���������1R�DGYHUVH
HIIHFWV�KDYH�EHHQ�GRFXPHQWHG�RU�DUH�H[SHFWHG�LQ�SHODJLF�RUJDQLVPV�H[SRVHG�LQ�RSHQ�ZDWHUV�RI�WKH�RXWHU�FRQWLQHQWDO
VKHOI�DQG�VORSH�WR�GLVFKDUJHG�:%)�DQG�:%)�FXWWLQJV��1DWLRQDO�5HVHDUFK�&RXQFLO�������

7KH�HIIHFWV�RI�6%)�FXWWLQJV�RQ�SHODJLF�RUJDQLVPV�DUH�H[SHFWHG�WR�EH�HYHQ�OHVV�WKDQ�WKRVH�RI�:%)V�EHFDXVH�RI�WKH
ORZ�WR[LFLW\�RI�6%)V��VLPLODU�WR�RU�ORZHU�WKDQ�WKH�WR[LFLW\�RI�:%)V��VHH�EHORZ��DQG�WKH�UHGXFHG�H[SRVXUH�WLPH�GXH
WR�UDSLG�VHWWOLQJ�RI�6%)�FXWWLQJV�FOXPSV�DQG�SDUWLFOHV�RXW�RI�WKH�ZDWHU�FROXPQ��%UDQGVPD��������XVHG�PRGHO�UHVXOWV
DQG�WR[LFLW\�GDWD�WR�VKRZ�WKDW�DFXWH�WR[LF�HIIHFWV�LQ�WKH�ZDWHU�FROXPQ�DUH�XQOLNHO\��HYHQ�ZLWK�2%0V�

%LRORJLFDO�HIIHFWV�RI�6%)�FXWWLQJV�RQ�WKH�EHQWKRV�DUH�H[SHFWHG�WR�EH�VLPLODU�WR�RU�JUHDWHU�WKDQ�WKRVH�RI�:%)V�DQG
:%)�FXWWLQJV��7KH�PDVV�RI�6%)�GLVFKDUJHG�WR�WKH�RFHDQ�SHU�ZHOO�LV�PXFK�OHVV�WKDQ�WKH�PDVV�RI�:%)�GLVFKDUJHG
SHU�ZHOO��EHFDXVH�WKH�GULOOLQJ�IOXLG�LWVHOI�LV�QRW�GLVFKDUJHG�DQG�FXWWLQJV�DUH�FOHDQHG�EHIRUH�GLVFKDUJH��9HLO�DQG�'DO\
�������7KH�WR[LFLW\�RI�:%)V�DQG�6%)V�LV�ORZ�HQRXJK�WKDW�WKH\�SUREDEO\�UHSUHVHQW�RQO\�D�VPDOO�GLUHFW�WR[LF�WKUHDW�WR
PDULQH�RUJDQLVP�OLYLQJ�RQ�RU�LQ�VHGLPHQWV�QHDU�WKH�SODWIRUP��+RZHYHU��6%)�FXWWLQJV�PD\�KDUP�EHQWKLF
FRPPXQLWLHV�E\�SURGXFWLRQ�RI�DQR[LD�LQ�VHGLPHQWV�WKURXJK�PLFURELDO�ELRGHJUDGDWLRQ�LI�6%)�FXWWLQJV�FRQFHQWUDWLRQV



��

LQ�VHGLPHQWV�DUH�KLJK�HQRXJK��2OVJDUG�DQG�*UD\��������:%)V�DQG�:%)�FXWWLQJV�GR�QRW�XVXDOO\�FDXVH�VHGLPHQW
DQR[LD�EHFDXVH�WKH\�FRQWDLQ�RQO\�ORZ�FRQFHQWUDWLRQV�RI�ELRGHJUDGDEOH�RUJDQLF�FKHPLFDOV��+RZHYHU��WKH\�PD\�KDUP
EHQWKLF�FRPPXQLWLHV�E\�EXULDO�DQG�VPRWKHULQJ��RU�WKH\�PD\�DOWHU�VHGLPHQW�WH[WXUH��UHQGHULQJ�WKH�ORFDO�EHQWKLF
HQYLURQPHQW�OHVV�VXLWDEOH�IRU�VRPH�VSHFLHV�RI�EHQWKLF�IDXQD�DQG�EHWWHU�IRU�RWKHUV��1HII��������7KXV��ELRORJLFDO
HIIHFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�DUH�OLNHO\�WR�EH�JUHDWHU�WKDQ�HIIHFWV�RI�:%)�DQG�:%)�FXWWLQJV�GLVFKDUJHV�LQ�WKH
LPPHGLDWH�YLFLQLW\��ZLWKLQ����WR�����P��RI�SODWIRUPV�ZKHUH�6%)�FXWWLQJV�DUH�OLNHO\�WR�DFFXPXODWH�WR�KLJK
FRQFHQWUDWLRQV�

�����7R[LFLW\�7HVWV

,Q�PDQ\�FRXQWULHV�WKDW�DUH�GHYHORSLQJ�RIIVKRUH�RLO�DQG�JDV�UHVRXUFHV��GLVFKDUJH�SHUPLWV�UHTXLUH�SHUIRUPDQFH�RI
WR[LFLW\�WHVWV�ZLWK�GULOOLQJ�IOXLG�LQJUHGLHQWV�DQG�ZKROH�GULOOLQJ�IOXLGV��-RQHV�HW�DO���������1RUWK�6HD�FRXQWULHV�XVXDOO\
UHTXLUH�WR[LFLW\�WHVWLQJ�RI�LQGLYLGXDO�GULOOLQJ�IOXLG�LQJUHGLHQWV��WKH�(3$�UHTXLUHV�WHVWLQJ�RI�ZKROH�GULOOLQJ�IOXLGV�
7ZR�W\SHV�RI�WR[LFLW\�WHVWV�PD\�EH�SHUIRUPHG��ZDWHU�FROXPQ�WHVWV�DQG�VROLG�SKDVH��VHGLPHQW��WHVWV��7KH\�DUH
LQWHQGHG�WR�DVVHVV�WKH�SRWHQWLDO�ULVNV�IURP�GULOOLQJ�IOXLG�GLVFKDUJHV�WR�SHODJLF�DQG�EHQWKLF�RUJDQLVPV��UHVSHFWLYHO\�

+LVWRULFDOO\��WKH�(3$�KDV�UHTXLUHG�SHUIRUPDQFH�RI�D�ZDWHU�FROXPQ�WHVW�ZLWK�WKH�633�RI�:%)�DQG�P\VLGV
$PHULFDP\VLV��0\VLGRSVLV��EDKLD��VPDOO�VKULPS�OLNH�FUXVWDFHDQV��(3$�����D�E���7KH�PHGLDQ�OHWKDO�FRQFHQWUDWLRQ
DW����KRXUV����K�/&����RI�WKH�:%)�PXVW�EH�HTXDO�WR�RU�JUHDWHU�WKDQ��������PJ�/�����E\�YROXPH��RI�WKH�633��RU�WKH
:%)�LV�QRW�SHUPLWWHG�IRU�RFHDQ�GLVSRVDO�

(3$�KDV�GHWHUPLQHG�WKDW�ZDWHU�FROXPQ�WR[LFLW\�RI�6%)�FXWWLQJV�LV�OLNHO\�WR�EH�ORZ��IRU�WKH�UHDVRQV�GLVFXVVHG�DERYH�
DQG�KDV�SURSRVHG�D�VROLG�SKDVH�WHVW�WR�HYDOXDWH�WKH�SRWHQWLDO�HQYLURQPHQWDO�LPSDFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV��,Q
WKH�VROLG�SKDVH�WHVW�XQGHU�FRQVLGHUDWLRQ��VXUYLYDO�RI�EHQWKLF�DPSKLSRGV�/HSWRFKHLUXV�SOXPXORVXV�LV�PHDVXUHG
GXULQJ�D����GD\�H[SRVXUH�WR�VHGLPHQWV�FRQWDLQLQJ�DQ�6%)�EDVH�FKHPLFDO�RU�6%)�FXWWLQJV��$670���������7KH
PHGLDQ�OHWKDO�FRQFHQWUDWLRQ�RI�6%)�EDVH�FKHPLFDO�LQ�VHGLPHQW�VKRXOG�EH�JUHDWHU�WKDQ�������PJ�NJ�GU\�ZW��WKH�/&��

WR�/��SOXPXORVXV�RI�D�&������,2�EDVH�FKHPLFDO�

,Q�1RUWK�6HD�FRXQWULHV��WR[LFLW\�WHVWV�DUH�UHTXLUHG�IRU�XQXVHG�6%)�EDVH�FKHPLFDOV��1RUZHJLDQ�2LO�,QGXVWU\
$VVRFLDWLRQ���������,QIRUPDWLRQ�DERXW�WKH�8.�RIIVKRUH�FKHPLFDOV�QRWLILFDWLRQ�VFKHPH�DQG�KD]DUG�UDWLQJV�IRU�VHYHUDO
GULOOLQJ�DQG�SURGXFWLRQ�FKHPLFDOV�XVHG�RQ�WKH�8.�FRQWLQHQWDO�VKHOI�FDQ�EH�IRXQG�RQ�WKH�LQWHUQHW�DW
KWWS���ZZZ�FHIDV�FR�XN�2&16�IUDPH�+70�

7KH�UHFRPPHQGHG�WHVW�RUJDQLVPV�LQFOXGH�D�PLFURDOJD��D�FRSHSRG��D�ELYDOYH�PROOXVN��DQG�D�EHQWKLF�DPSKLSRG
�7DEOH������7KH�WR[LFLW\�WHVWV�ZLWK�WKH�ILUVW�WZR�PDULQH�RUJDQLVPV�DUH�ZDWHU�FROXPQ�WHVWV��WKH�ODVW�WZR�DUH�VROLG
SKDVH�WHVWV��7KH�WHVWV�DUH�SHUIRUPHG�DFFRUGLQJ�WR�VWDQGDUG�WR[LFLW\�WHVW�SURWRFROV��0F.HH�HW�DO���������$FFHSWDQFH
FULWHULD�YDU\�IURP����PJ�NJ�WR������PJ�NJ�RU�PJ�/�IRU�WKH�GLIIHUHQW�WHVWV�

7DEOH������7R[LFLW\�WHVW�UHTXLUHPHQWV�IRU�6%)V�LQ�1RUWK�6HD�FRXQWULHV��)URP�1RUZHJLDQ�2LO�,QGXVWU\
$VVRFLDWLRQ��������

7D[RQ 6SHFLHV /RZHVW�$FFHSWDEOH�(&���/&��

0LFURVFRSLF�$OJD 6NHOHWRQHPD�FRVWDWXP (&��!�����PJ�/

&RSHSRG ���������$FDUWLD�WRQVD /&��!�����PJ�/

%LYDOYH�0ROOXVN ���������$EUD�DOED �������������(&��!���PJ�NJ

$PSKLSRG &RURSKLXP�YROXWDWRU /&��!�����PJ�NJ

(&���7KH�FRQFHQWUDWLRQ�SURGXFLQJ�D�GHILQHG�VXEOHWKDO�HIIHFW�LQ����SHUFHQW�RI�WKH�H[SRVHG�SRSXODWLRQ�
/'���7KH�FRQFHQWUDWLRQ�SURGXFLQJ����SHUFHQW�PRUWDOLW\�LQ�WKH�H[SRVHG�SRSXODWLRQ�



��

������:DWHU�&ROXPQ�7HVWV

,Q�WKH�ZDWHU�FROXPQ�WR[LFLW\�WHVW�XVHG�LQ�WKH�8�6���P\VLGV�DUH�H[SRVHG�WR�VHYHUDO�GLOXWLRQV�RI�WKH�633�RI�D�:%)
�(3$���������7KH�633�LV�SUHSDUHG�E\�PL[LQJ�RQH�SDUW�GULOOLQJ�IOXLG�ZLWK�QLQH�SDUWV�VHDZDWHU�DQG�DOORZLQJ�WKH�SKDVHV
WR�VHSDUDWH�IRU�D�VKRUW�SHULRG�RI�WLPH��7KH�DTXHRXV�SKDVH�LV�FROOHFWHG�IRU�XVH�LQ�WKH�ELRDVVD\��0\VLGV��$PHULFDP\VLV
�0\VLGRSVLV��EDKLD��DUH�FRQVLGHUHG�DPRQJ�WKH�PRVW�VHQVLWLYH�PDULQH�DQLPDOV�WR�D�ZLGH�YDULHW\�RI�FKHPLFDO
FRQWDPLQDQWV��6XWHU�DQG�5RVHQ��������7KH\�DUH�ZLGHO\�XVHG�IRU�HIIOXHQW�WHVWLQJ�LQ�WKH�8�6��7KH�PHGLDQ�OHWKDO
FRQFHQWUDWLRQ�DW����KRXUV����K�/&����RI�WKH�633�RI�GLIIHUHQW�6%)V�WR�P\VLGV�UDQJHV�IURP�DERXW���������PJ�/�WR
����������PJ�/�633��7DEOH�����

7DEOH������7KH����KRXU�PHGLDQ�OHWKDO�FRQFHQWUDWLRQ��/&����RI��WKH�VXVSHQGHG�SDUWLFXODWH�SKDVH��633�
RI�VHYHUDO�6%)V�WR�P\VLGV��$PHULFDP\VLV��0\VLGRSVLV��EDKLD���$�/&���IRU�D�ORZ�WR[LFLW\�RLO
EDVHG�PXG�LV�LQFOXGHG�IRU�FRPSDULVRQ��7R[LFLW\�FRQFHQWUDWLRQV�DUH�PJ�/��SSP��633�

6%)�%DVH�)OXLG /&����PJ�/� 5HIHUHQFH

(VWHU ��������� %DURLG�'ULOOLQJ�)OXLGV��XQSXEOLVKHG�

/LQHDU�D�2OHILQ ���������� 0F.HH�HW�DO������

,QWHUQDO�2OHILQ �������¤���������� %DNHU�+XJKHV�,17(4��XQSXEOLVKHG��
0,�'ULOOLQJ�)OXLGV��XQSXEOLVKHG�

3RO\�D�2OHILQ ��������¤���������� 0,�'ULOOLQJ�)OXLGV��XQSXEOLVKHG��
)ULHGKHLP�HW�DO������

/RZ�7R[LFLW\�2LO�%DVHG�0XG �������� )ULHGKHLP�HW�DO������

%HFDXVH�WKH�633�UHSUHVHQWV�D�RQH�WR�QLQH�GLOXWLRQ�RI�WKH�GULOOLQJ�IOXLG��633�WR[LFLW\�YDOXHV�VKRXOG�EH�GLYLGHG�E\���
WR�REWDLQ�D�WR[LFLW\�YDOXH�IRU�WKH�ZKROH�PXG�GLVVROYHG�VXVSHQGHG�SDUWLFXODWH�IUDFWLRQ��$OO�WKH�6%)V�WHVWHG�SDVVHG
WKH�P\VLG�DFXWH�WR[LFLW\�WHVW��7KH�ORZ�WR[LFLW\�RLO�EDVHG�PXG�GLG�QRW�SDVV�WKH�WHVW��7KH�DFFHSWDQFH�FULWHULRQ�LV
/&��!�������PJ�/�633�

6HYHUDO�6%)�EDVH�FKHPLFDOV�RU�FKHPLFDO�SUHFXUVRUV�DOVR�KDYH�EHHQ�WHVWHG�LQ�WKH�P\VLG�633�ZDWHU�FROXPQ�WHVW��7DEOH
�����,Q�PRVW�FDVHV��WKH�WR[LFLW\�RI�6%)�EDVH�FKHPLFDOV�DQG�SUHFXUVRUV�GHFUHDVHV��/&���LQFUHDVHV��DV�PROHFXODU
ZHLJKW�RI�WKH�FKHPLFDO�LQFUHDVHV��7KLV�XQGRXEWHGO\�LV�EHFDXVH�DV�PROHFXODU�ZHLJKW�LQFUHDVHV��WKH�DTXHRXV�VROXELOLW\
DQG�ELRDYDLODELOLW\�RI�PRVW�RUJDQLF�FKHPLFDOV�GHFUHDVHV��0RVW�RI�WKH�6%)�EDVH�IOXLGV�RU�SUHFXUVRUV�SDVV�WKH�633
WR[LFLW\�FULWHULRQ�RI��������PJ�/��/RZ�PROHFXODU�ZHLJKW�ROHILQV��H�J���SRO\SURSHQH��0:������DQG�&���¤�&���,2�LQ
7DEOH�����GR�QRW�SDVV���+RZHYHU��ZKHQ�WKHVH�EDVH�IOXLGV�DUH�FRPELQHG�ZLWK�RWKHU�LQJUHGLHQWV�LQWR�DQ�6%)��WKH�6%)
LWVHOI�SDVVHV��7DEOH�����

2I�WKH�PDMRU�6%)�SUHFXUVRUV��ORZ�PROHFXODU�ZHLJKW�DOFRKROV�DUH�WKH�PRVW�WR[LF�WR�P\VLGV��'XULQJ�GULOOLQJ��D�VPDOO
DPRXQW�RI�WKH�HVWHUV�LQ�DQ�HVWHU�6%)�PD\�K\GURO\]H��UHOHDVLQJ�IUHH�DOFRKROV�DQG�IDWW\�DFLGV��'XULQJ�FXWWLQJV
GLVFKDUJH��LI�ORZ�PROHFXODU�ZHLJKW�DOFRKROV�DUH�SUHVHQW�LQ�WKH�DVVRFLDWHG�6%)��WKH\�FRXOG�SDUWLWLRQ�LQWR�WKH�ZDWHU�DV
WKH�6%)�FXWWLQJV�VHWWOH�WKURXJK�WKH�ZDWHU�FROXPQ��+RZHYHU��GXUDWLRQ�RI�H[SRVXUH�RI�ZDWHU�FROXPQ�RUJDQLVPV�WR
SRWHQWLDOO\�WR[LF�FRQFHQWUDWLRQV�RI�DOFRKROV�LV�QRW�OLNHO\�WR�EH�JUHDW�HQRXJK�WR�HOLFLW�WR[LF�UHVSRQVHV�

*URZWK�UDWH�RI�HVWXDULQH�PLQQRZV�)XQGXOXV�JUDQGLV�ZDV�QRW�DIIHFWHG�E\�H[SRVXUH�IRU����GD\V�WR�D�VXVSHQVLRQ�RI
��SHUFHQW����SHUFHQW�DQG�����SHUFHQW�3$2�RQ�FXWWLQJV�LQ�D�IORZ�WKURXJK�WR[LFLW\�WHVW�V\VWHP��-RQHV�HW�DO���������$
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ORZ�DURPDWLF�PLQHUDO�RLO�EDVH�PL[WXUH�RQ�FXWWLQJV�DOVR�GLG�QRW�DGYHUVHO\�DIIHFW�JURZWK�RI�WKH�ILVK��&KURQLF�H[SRVXUH
WR�V\QWKHWLF�ZHW�DQG�RLO�ZHW�FXWWLQJV�VXVSHQVLRQV�GLG�QRW�KDUP�WKLV�PDULQH�ILVK�

7DEOH������$FXWH�WR[LFLW\�WR�P\VLGV�$PHULFDP\VLV��0\VLGRSVLV��EDKLD�RI�WKH�633�RI�VHYHUDO�6%)�EDVH
FKHPLFDOV�RU�FKHPLFDO�LQWHUPHGLDWHV��0HGLDQ�OHWKDO�FRQFHQWUDWLRQV�DUH�PJ�/�633��)URP
3DWHO��������

6%)�%DVH�&KHPLFDO�7\SH &KHPLFDO ��K�/&����PJ�/�

3RO\�D�2OHILQ 3RO\SURSHQH��0:����� �������������

3RO\SURSHQH��0:����� �������������

'HFHQH�'LPHU��0:����� �������������

3RO\SURSHQH��0:����� �������������

3RO\EXWHQH��0:����� !���������

3RO\SURSHQH��0:����� !���������

,QWHUQDO�2OHILQ &���¤�&���,2 ������������

&���¤�&���,2 �������������

&���¤�&���,2 �������������

(WKHU 'LEXW\O�(WKHU ������!������

'LKH[\O�(WKHU ��������������

'LRFW\O�(WKHU �������������

(VWHUV 0HWK\O�/DXUDWH ������������

,VRSURS\O�3DOPLWDWH �������������

,VRSURS\O�2OHDWH ��������������

&���¤�&���$OFRKROV �������������

&���$OFRKRO ��������������

6XVSHQVLRQV�RI�6%)�EDVH�FKHPLFDOV�RU�XQXVHG�PXG�DOVR�DUH�QRW�YHU\�WR[LF�WR�WKH�ZDWHU�FROXPQ�RUJDQLVPV�XVHG�IRU
WR[LFLW\�WHVWLQJ�LQ�WKH�1RUWK�6HD�FRXQWULHV��7DEOH������7KH�H[SRVXUH�PHGLXP�IRU�WKHVH�WHVWV�LV�SUHSDUHG�E\�PL[LQJ
WKH�6%)�EDVH�FKHPLFDO�RU�XQXVHG�PXG�ZLWK�VHDZDWHU�IRU����KRXUV�DQG�DOORZLQJ�WKH�SKDVHV�WR�VHSDUDWH�IRU���KRXUV�
7KH�WHVW�PHGLXP�FRQWDLQV�GLVVROYHG�DQG�ILQHO\�GLVSHUVHG�FRPSRQHQWV�RI�WKH�6%)�EDVH�FKHPLFDO�RU�PXG��%HFDXVH
6%)V�DQG�PXG�V\VWHPV�SUHSDUHG�ZLWK�WKHP�KDYH�ORZ�DTXHRXV�VROXELOLWLHV��WKHVH�ZDWHU�FROXPQ�SUHSDUDWLRQV�DUH�QRW
WR[LF�WR�PDULQH�SODQWV�DQG�DQLPDOV��$FXWHO\�WR[LF�FRQFHQWUDWLRQV�UDQJH�IURP�������PJ�/�WR�JUHDWHU�WKDQ
��������PJ�/��FRPSDUHG�WR�DFFHSWDQFH�FULWHULD�RI�������WR�������PJ�/��7DEOH������7KH�DOJD�LV�PRUH�VHQVLWLYH�WR�WKH
6%)�EDVH�FKHPLFDOV�WKDQ�WR�WKH�ZKROH�XQXVHG�PXGV��WKH�FRSHSRG�LV�LQVHQVLWLYH�WR�ERWK��7KLV�LV�QRW�DOZD\V�WKH�FDVH�
7KH�DFXWH�WR[LFLWLHV�RI�D�&���&���,2�EDVH�IOXLG�DQG�D�FRPSOHWH�,2�6%)�WR�WKH�DOJD�,VRFKU\VLV�VS��DUH��������PJ�/
DQG��������PJ�/��UHVSHFWLYHO\��0F,OUR\��������7KH�DFXWH�WR[LFLW\�RI�WKH�WZR�,2�SUHSDUDWLRQV�WR�WKH�WURSLFDO�VKULPS
3HQDHXV�PRQRGRQ�LV�!�������PJ�/�DQG������PJ�/��UHVSHFWLYHO\�

8QXVHG�ODERUDWRU\�IRUPXODWHG�GULOOLQJ�IOXLGV�RIWHQ�DUH�XVHG�LQ�DTXDWLF�WR[LFLW\�WHVWV��7KHVH�PXGV�RIWHQ�KDYH�D
GLIIHUHQW�DFXWH�WR[LFLW\�WKDQ�XVHG�GULOOLQJ�IOXLGV�DQG�FXWWLQJV�RI�WKH�VDPH�JHQHULF�W\SH��1HII�HW�DO���������)ULHGKHLP
DQG�3DQWHUPXHKO��������UHSRUWHG�WKDW�D�ODERUDWRU\�3$2�6%)�ZDV�PRUH�WR[LF�WKDQ�D�ILHOG�3$2�6%)�WR�WKUHH�VSHFLHV
RI�PDULQH�RUJDQLVPV�LQ�ZDWHU�FROXPQ�WHVWV�SHUIRUPHG�DFFRUGLQJ�WR�1RUZHJLDQ�SURWRFROV��7DEOH������7KH�ODERUDWRU\
PXG�ZDV�D����SRXQG�JDOORQ�������3$2�ZDWHU�PXG��WKH�XVHG�ILHOG�PXG�ZDV�D������SRXQG�JDOORQ�������3$2�ZDWHU
PXG�IURP�D�1RUWK�6HD�ZHOO��$OWKRXJK�WKH�ODERUDWRU\�PXG�ZDV�PXFK�PRUH�WR[LF�WKDQ�WKH�ILHOG�PXG��ERWK�3$2�6%)V
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SDVVHG�WKH�DFFHSWDQFH�FULWHULD�IRU�WKH�GLIIHUHQW�ELRDVVD\V��7KXV��WR[LFLW\�WHVWV�ZLWK�6%)�EDVH�FKHPLFDOV�DQG�IUHVKO\
SUHSDUHG��XQXVHG�6%)V�PD\�VXEVWDQWLDOO\�RYHUHVWLPDWH�WKH�WR[LFLW\�RI�WKH�ZKROH�XVHG�6%)�FXWWLQJV�GLVFKDUJHG�WR�WKH
RFHDQ�

7DEOH������$FXWH�WR[LFLW\�RI�XQXVHG�6%)V�DQG�6%)�EDVH�FKHPLFDOV�WR�WKH�PLFURDOJD�6NHOHWRQHPD�FRVWDWXP
DQG�WKH�FRSHSRG�$FDUWLD�WRQVD�LQ�ZDWHU�FROXPQ�WR[LFLW\�WHVWV�SHUIRUPHG�DFFRUGLQJ�WR�1RUWK
6HD�SURWRFROV��(QGSRLQWV�DUH�WKH�FRQFHQWUDWLRQ�FDXVLQJ�����UHGXFWLRQ�LQ�JURZWK�UDWH��FHOO
GLYLVLRQ��LQ�WKH�PLFURDOJD�DQG�����PRUWDOLW\�LQ�WKH�FRSHSRG��&RQFHQWUDWLRQV�DUH�PJ�/�
)URP�9LN�HW�DO�������D��

6%) )UDFWLRQ 6NHOHWRQHPD $FDUWLD

(VWHU 8QXVHG�0XG �������¤�������� ��!������

%DVH�&KHPLFDO ���������� ����������

$FHWDO 8QXVHG�0XG !������� ��!������

%DVH�&KHPLFDO !������� !�������

3RO\�D�2OHILQ 8QXVHG�0XG ���������� ��!������

%DVH�&KHPLFDO ����������� ��!������

,QWHUQDO�2OHILQ %DVH�&KHPLFDO ����������� ��!������

/LQHDU�D�2OHILQ 8QXVHG�0XG ��!������ ��!������

7DEOH������$FXWH�7R[LFLW\�RI�DQ�XQXVHG�ODERUDWRU\�3$2�6%)�DQG�D�XVHG�ILHOG�3$2�6%)�WR�WKUHH
VSHFLHV�RI�PDULQH�RUJDQLVPV��([SRVXUH�PHGLD�UHSUHVHQW�WKH�GLVVROYHG�ILQHO\�GLVSHUVHG�IUDFWLRQ�RI
WKH�PXGV��$FFHSWDELOLW\�FULWHULD�DUH�LQFOXGHG�IRU�FRPSDULVRQ��/&���(&���LV�LQ�PJ�/��)URP
)ULHGKHLP�DQG�3DQWHUPXHKO��������

6SHFLHV 0XG 7R[LFLW\��(&���/&��� $FFHSWDELOLW\�/LPLW��(&���/&���

$OJD�6NHOHWRQHPD�FRVWDWXP /DE ����������� t�����
)LHOG ���������� t�����

%DUQDFOH�%DODQXV�LPSURYLVXV /DE !�������� t�����
)LHOG ��������� t�����

0XVVHO�0\WLOXV�HGXOLV /DE �������������� t����
)LHOG ������������� t����

�����6ROLG�3KDVH�7R[LFLW\�7HVWV

6ROLG�SKDVH�WR[LFLW\�WHVWV�PHDVXUH�WKH�WR[LFLW\�RI�FKHPLFDOV�RU�VROLG�PL[WXUHV�WR�VHGLPHQW�GZHOOLQJ�PDULQH�DQLPDOV�
%HFDXVH�6%)�FXWWLQJV�XVXDOO\�GR�QRW�GLVSHUVH�LQ�WKH�ZDWHU�FROXPQ�IROORZLQJ�GLVFKDUJH��EXW�LQVWHDG�VHWWOH�TXLFNO\
WKURXJK�WKH�ZDWHU�FROXPQ�DQG�WR�WKH�VHD�ERWWRP��VROLG�SKDVH�WHVWV�DUH�EHWWHU�WKDQ�ZDWHU�FROXPQ�WHVWV�IRU�SUHGLFWLQJ
WKH�ELRORJLFDO�LPSDFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�WR�WKH�RFHDQ��0RVW�PDULQH�VROLG�SKDVH�WHVWV�XVH�DPSKLSRG
FUXVWDFHDQV�WKDW�OLYH�LQ�DQG�VLIW�WKURXJK�RU�LQJHVW�VHGLPHQWV�IRU�IRRG��RU�ELYDOYH�PROOXVNV�WKDW�OLYH�LQ�VHGLPHQWV�DQG
HLWKHU�LQJHVW�VHGLPHQW�RU�ILOWHU�IRRG�IURP�WKH�VHGLPHQW�ZDWHU�LQWHUIDFH��7KH�VWDQGDUG�PDULQH�DPSKLSRG�VROLG�SKDVH
WR[LFLW\�WHVW��$670�(���������KDV�EHHQ�PRGLILHG�WR�HYDOXDWH�WKH�DFXWH�WR[LFLW\�RI�6%)V�WR�EHQWKLF�DPSKLSRGV�DQG
WR�GLVFULPLQDWH�EHWZHHQ�WKH�WR[LFLW\�RI�2%)V�DQG�6%)V��6WLOO�DQG�&DQGOHU�������5DENH�HW�DO��������5DENH�DQG
&DQGOHU��������������9DULRXV�PRGLILFDWLRQV�RI�WKH�SURWRFROV�SURGXFHG�DYHUDJH�/&��V�IRU�,2�&���&���6%)�EDVH
FKHPLFDO�DGGHG�WR�IRUPXODWHG�VHGLPHQW�UDQJLQJ�IURP�����PJ�NJ�GU\�ZW�WR������PJ�NJ�

---
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,Q�WKH�WHVW�SURWRFRO�FXUUHQWO\�EHLQJ�HYDOXDWHG�E\�(3$��WKH�6%)�EDVH�FKHPLFDO�LV�PL[HG�DW�ILYH�FRQFHQWUDWLRQV�LQWR
IRUPXODWHG�VHGLPHQWV��&RQFHQWUDWLRQV�DUH�PJ�RI�EDVH�FKHPLFDO�SHU�NJ�RI�GU\�VHGLPHQW��7HVW�6%)�EDVH
FKHPLFDO�VHGLPHQW�PL[WXUHV�DUH�DGGHG�WR�H[SRVXUH�FKDPEHUV�ZLWK�VHDZDWHU��$PSKLSRGV�/HSWRFKHLUXV�SOXPXORVXV
DUH�DGGHG�WR�HDFK�FKDPEHU�DQG�WKH�H[SRVXUH�LV�FRQWLQXHG�IRU����KRXUV��DW�ZKLFK�WLPH�WKH�QXPEHU�RI�VXUYLYRUV�LQ
HDFK�FKDPEHU�LV�FRXQWHG��7KH�PHDQ�/&���IRU�,2�&���&���6%)�EDVH�FKHPLFDO�LQ�VHGLPHQW�XVLQJ�WKLV�SURWRFRO�ZDV
�����PJ�NJ��&9�������7KH�PHDQ�/&���RI�D�GLHVHO�IXHO�UXQ�FRQFXUUHQWO\�ZDV�����PJ�NJ��&9�������&DQGOHU�HW�DO�
�������REWDLQHG�VLPLODU�UHVXOWV�LQ����GD\�VHGLPHQW�ELRDVVD\V�ZLWK�WKH�DPSKLSRGV�$PSHOLVFD�DEGLGD�DQG�&RURSKLXP
YROXWDWRU��7DEOH������7KH�WZR�6%)�EDVH�FKHPLFDOV�HYDOXDWHG��,2�DQG�3$2��ZHUH�OHVV�WR[LF�WKDQ�WKH�HQKDQFHG
PLQHUDO�RLO�DQG�GLHVHO�IXHO�IRUPHUO\�XVHG�DV�2%)�EDVH�FKHPLFDOV�

7KH�DPSKLSRG�&RURSKLXP�YROXWDWRU�DQG�WKH�ELYDOYH�PROOXVN�$EUD�DOED�DUH�XVHG�LQ�PDQ\�1RUWK�6HD�FRXQWULHV�WR
HYDOXDWH�WKH�WR[LFLW\�RI�6%)�EDVH�FKHPLFDOV�DQG�XQXVHG�GULOOLQJ�PXGV�WR�VHGLPHQW�UHZRUNLQJ�EHQWKLF�PDULQH
DQLPDOV��7KH�DFXWH�WR[LFLWLHV�RI�WKH�EDVH�FKHPLFDOV�DQG�ZKROH��XQXVHG�PXGV�XVXDOO\�DUH�VLPLODU�DQG�/&��V�XVXDOO\
DUH�KLJKHU�WKDQ�WKH�DFFHSWDELOLW\�FULWHULD��7DEOH������7KH�6%)V�DUH�OHVV�WR[LF�WKDQ�2%)V�LQ�VHGLPHQW�ELRDVVD\V�

7DEOH������0HDQ�/&��V�RI�RLOV�DQG�6%)�EDVH�FKHPLFDOV�LQ�VHGLPHQWV�IRU�WKH�PDULQH�DPSKLSRGV
$PSHOLVFD�DEGLGD�DQG�&RURSKLXP�YROXWDWRU�LQ�VWDQGDUG����GD\�VHGLPHQW�WR[LFLW\�WHVWV��$670
(����������/&���DQG�����&,�FRQFHQWUDWLRQV�DUH�PJ�NJ�GU\�ZW��)URP�&DQGOHU�HW�DO���������

'ULOOLQJ�0XG�%DVH�&KHPLFDO 0HDQ�/&��������&RQILGHQFH�,QWHUYDO�

$PSHOLVFD�DEGLGD &RURSKLXP�YROXWDWRU

(QKDQFHG�0LQHUDO�2LO ��������������������¤����� �������������¤�������

'LHVHO�)XHO ���������¤������ ����������¤�������

,QWHUQDO�2OHILQ �������������¤������� !��������1'�

3RO\�D�2OHILQ ��������������¤�������� !��������1'�

1'�1RW�GHWHUPLQHG�

7DEOH������$FXWH�WR[LFLW\�DV�/&���RI�6%)�EDVH�FKHPLFDOV�DQG�ZKROH�IUHVK��XQXVHG��6%)V�WR�WKH
DPSKLSRG�&RURSKLXP�YROXWDWRU�DQG�WKH�ELYDOYH�PROOXVN�$EUD�DOED��EDVHG�RQ�VHGLPHQW
WR[LFLW\�WHVWV�SHUIRUPHG�DFFRUGLQJ�WR�1RUWK�6HD�SURWRFROV��/&���FRQFHQWUDWLRQV�DUH�PJ�NJ
GU\�ZW��$FFHSWDELOLW\�FULWHULD�DUH�!�����IRU�&RURSKLXP�DQG�!���PJ�NJ�IRU�$EUD��7DEOH�����

6%) &RURSKLXP�YROXWDWRU $EUD�DOED 5HIHUHQFH

(VWHU�%DVH�&KHP� 1$ ��!������� 9LN�HW�DO������D

$FHWDO�0XG 1$ ������a����� 9LN�HW�DO�������D

$FHWDO�%DVH�&KHP� 1$ ������� 9LN�HW�DO�������D

3$2�0XG ��������������!������ ����� 9LN�HW�DO�������D

3$2�0XG ��������������!������ ������ )ULHGKHLP�	�&RQQ�����

3$2�%DVH�&KHP� 1$ ����� 9LN�HW�DO������D

,2�0XG ����� ������ )ULHGKHLP�	�&RQQ�����

,2�%DVH�&KHP� ����� ������ 9LN�HW�DO������D

/$2�0XG ����� 1$ 9LN�HW�DO������D

/$2�0XG ����� ������ )ULHGKHLP�	�&RQQ�����



��

6%)V�DQG�6%)�LQJUHGLHQWV�H[KLELW�D�ORZ�RYHUDOO�DFXWH�WR[LFLW\�LQ�ZDWHU�FROXPQ�DQG�VROLG�SKDVH�WHVWV�ZLWK�D�YDULHW\�RI
PDULQH�SODQWV�DQG�DQLPDOV��/&��V�QHDUO\�DOZD\V�DUH�KLJKHU��OHVV�WR[LF��WKDQ�DFFHSWDELOLW\�FULWHULD��+RZHYHU��DFXWHO\
WR[LF�FRQFHQWUDWLRQV�RI�PDQ\�6%)V�LQ�VROLG�SKDVH�WHVWV�DUH�ORZHU�WKDQ�FRQFHQWUDWLRQV�RI�6%)�EDVH�FKHPLFDOV
PHDVXUHG�LQ�VXUIDFH�VHGLPHQWV�QHDU��ZLWKLQ�DERXW�����P��RI�RIIVKRUH�SODWIRUPV�GLVFKDUJLQJ�6%)�FXWWLQJV��7KHUHIRUH�
LW�LV�XQFHUWDLQ�LI�6%)�FXWWLQJV�DUH�HOLFLWLQJ�GLUHFW�WR[LF�UHVSRQVHV�LQ�EHQWKLF�PDULQH�DQLPDOV�QHDU�6%)�FXWWLQJV
GLVFKDUJHV�

6ROLG�SKDVH�WR[LFLW\�WHVWV�KDYH�QRW�EHHQ�SHUIRUPHG�WR�GDWH�ZLWK�DXWKHQWLF�6%)�FXWWLQJV�IURP�D�SODWIRUP�RU�ZLWK�6%)�
FRQWDPLQDWHG�VHGLPHQWV�FROOHFWHG�IURP�WKH�VHD�IORRU�QHDU�D�GLVFKDUJLQJ�SODWIRUP��$V�SDUW�RI�D�UHFHQW�MRLQW
(3$�,QGXVWU\�VFUHHQLQJ�VXUYH\�RI�6%)�FXWWLQJV�GHSRVLWLRQ�LQ�RIIVKRUH�ZDWHUV�RI�WKH�*XOI�RI�0H[LFR��EHQWKLF
DPSKLSRGV��/HSWRFKHLUXV�SOXPXORVXV�DQG�$PSHOLVFD�DEGLGD��ZHUH�H[SRVHG�WR�VHGLPHQWV�FROOHFWHG�QHDU�SODWIRUPV
GLVFKDUJLQJ�6%)V��&RQWLQHQWDO�6KHOI�$VVRFLDWHV���������6XUYLYDO�DPRQJ�WKH�DPSKLSRGV�UDQJHG�IURP����WR���
SHUFHQW�DQG�ZDV�FRPSDUDEOH�WR�VXUYLYDO�DPRQJ�DPSKLSRGV�H[SRVHG�WR�UHIHUHQFH�VHGLPHQWV�

$OWKRXJK�WKH�VHGLPHQWV�FROOHFWHG�IRU�WR[LFLW\�WHVWLQJ�FRQWDLQHG������WR������SHUFHQW�WRWDO�RUJDQLF�FDUERQ��QRQH
FRQWDLQHG�PHDVXUDEOH�FRQFHQWUDWLRQV�RI�WRWDO�SHWUROHXP�K\GURFDUERQV��XVHG�WR�HVWLPDWH�FRQFHQWUDWLRQV�RI�6%)�EDVH
FKHPLFDOV���6RPH�RI�WKH�VHGLPHQWV�ZHUH�DQR[LF�DQG�WKLV�PD\�KDYH�FRQWULEXWHG�WR�WKH�VOLJKWO\�OHVV�WKDQ�FRQWURO
VXUYLYDO�LQ�D�IHZ�VHGLPHQW�VDPSOHV��)LHOG�VWXGLHV��GLVFXVVHG�EHORZ��VHHP�WR�LQGLFDWH�WKDW�PXFK�RI�WKH�KDUPIXO
HIIHFWV�RI�KLJK�FRQFHQWUDWLRQV�RI�6%)�FXWWLQJV�LQ�VHGLPHQWV�LV�FDXVHG�E\�QXWULHQW�HQULFKPHQW�DQG�UHVXOWLQJ�R[\JHQ
GHSOHWLRQ�LQ�WKH�FRQWDPLQDWHG�VHGLPHQWV�UDWKHU�WKDQ�E\�GLUHFW�WR[LFLW\�RI�WKH�6%)�EDVH�FKHPLFDOV�WKHPVHOYHV�

�����%LRDYDLODELOLW\�RI�6%)�%DVH�&KHPLFDOV

$�FRQFHUQ�DERXW�6%)�EDVH�FKHPLFDOV��SDUWLFXODUO\�LQ�1RUWK�6HD�FRXQWULHV�LV�WKDW�WKH\�PD\�ELRDFFXPXODWH�LQ�WLVVXHV
RI�PDULQH�RUJDQLVPV��SRVVLEO\�WDLQWLQJ�GHPHUVDO�PDULQH�DQLPDOV�RI�FRPPHUFLDO�YDOXH��5XVKLQJ�HW�DO��������9LN�HW
DO�������D���'HPHUVDO�ILVK�DUH�DEOH�WR�ELRDFFXPXODWH�SHWUROHXP�K\GURFDUERQV�IURP�2%)�FXWWLQJV��3D\QH�HW�DO�������
6WDJJ�DQG�0F,QWRVK�������

$�FKHPLFDO�PD\�ELRDFFXPXODWH�LQ�WKH�WLVVXHV�RI�PDULQH�RUJDQLVPV�LI�WKH�RUJDQLVPV�DUH�H[SRVHG�WR�ELRDYDLODEOH
IRUPV�RI�WKH�FKHPLFDO�LQ�WKH�DPELHQW�ZDWHU��VHGLPHQW��RU�IRRG��$�FKHPLFDO�LV�ELRDYDLODEOH�LI�LW�LV�LQ�D�IRUP�WKDW�FDQ
PRYH�WKURXJK�RU�ELQG�WR�WKH�VXUIDFH�FRDWLQJ��H�J���VNLQ��JLOO�HSLWKHOLXP��JXW�OLQLQJ��FHOO�PHPEUDQH��RI�DQ�RUJDQLVP
�1HZPDQ�DQG�-DJRH��������%LRDYDLODELOLW\�RI�QRQSRODU��XQ�LRQL]DEOH��RUJDQLF�FKHPLFDOV��VXFK�DV�6%)�EDVH
FKHPLFDOV��WR�PDULQH�RUJDQLVPV�GHSHQGV�RQ�WKH�SK\VLFDO�DQG�FKHPLFDO�IRUPV�RI�WKH�FRPSRXQGV��2UJDQLF�FKHPLFDOV
LQ�WUXH�VROXWLRQ�LQ�VHD�ZDWHU�XVXDOO\�DUH�PXFK�PRUH�ELRDYDLODEOH�WKDQ�RUJDQLF�FKHPLFDOV�WKDW�DUH�SUHVHQW�LQ
FRPSOH[HG��DGVRUEHG��RU�VROLG�IRUPV��6%)�EDVH�FKHPLFDOV�LQ�GLVFKDUJHG�6%)�FXWWLQJV�DUH�SUHVHQW�LQ�WKH�PDULQH
HQYLURQPHQW�LQ�WUXH�VROXWLRQ��FRPSOH[HG�ZLWK�GLVVROYHG�RU�SDUWLFXODWH�RUJDQLF�PDWWHU��DGVRUEHG�WR�WKH�VXUIDFH�RI
FXWWLQJV�DQG�VHGLPHQW�SDUWLFOHV��RFFOXGHG�ZLWKLQ�¦RLO�ZHW§�SDUWLFOHV��DQG�SRVVLEO\�LQ�WKH�WLVVXHV�RI�PDULQH�RUJDQLVPV
LQ�FRQWDFW�ZLWK�WKH�6%)�FXWWLQJV��7KH�6%)�EDVH�FKHPLFDOV�LQ�WKH�GLIIHUHQW�SKDVHV�DUH�H[FKDQJHDEOH�EXW��DW�DQ\�JLYHQ
PRPHQW��RQO\�D�VPDOO�IUDFWLRQ�RI�WKH�WRWDO�6%)�EDVH�FKHPLFDOV��GHSHQGLQJ�RQ�DTXHRXV�VROXELOLW\��LV�LQ�VROXWLRQ�LQ
VHGLPHQW�SRUH�ZDWHU�RU�WKH�RYHUO\LQJ�ZDWHU�FROXPQ�

1RQSRODU�RUJDQLF�FKHPLFDOV��VXFK�DV�6%)�EDVH�FKHPLFDOV��XVXDOO\�KDYH�D�ORZ�DTXHRXV�VROXELOLW\�DQG�D�KLJK
VROXELOLW\�LQ�WKH�OLSLGV�RI�SODQWV�DQG�DQLPDOV��7KH\�DUH�FODVVHG�DV�K\GURSKRELF�RU�OLSRSKLOLF�FRPSRXQGV��7KH�UDWH
DQG�H[WHQW�RI�ELRDFFXPXODWLRQ�RI��K\GURSKRELF�FRPSRXQGV�E\�PDULQH�RUJDQLVPV�GHSHQGV�RQ�WKH�UHODWLYH�DIILQLWLHV
RI�WKH�FKHPLFDO�IRU�WKH�DPELHQW�ZDWHU�SKDVH�DQG�WKH�WLVVXH�OLSLG�SKDVH��7KH�UHODWLYH�DIILQLWLHV�DUH�DSSUR[LPDWHG�E\
WKH�RFWDQRO�ZDWHU�SDUWLWLRQ�FRHIILFLHQW��.RZ��IRU�WKH�FKHPLFDO��.RZ�LV�XVHG�DV�D�VXUURJDWH�IRU�OLSLG�ZDWHU�SDUWLWLRQ
FRHIILFLHQW�EHFDXVH�VROXELOLW\�RI�PDQ\�QRQSRODU�RUJDQLF�FRPSRXQGV�LQ�RFWDQRO�DQG�ELRORJLFDO�OLSLGV�LV�VLPLODU�DQG
WKHUH�DUH�SXEOLVKHG�YDOXHV�IRU�.RZ�IRU�D�ODUJH�QXPEHU�RI�QRQSRODU�RUJDQLF�FKHPLFDOV�RI�HQYLURQPHQWDO�FRQFHUQ
�&KLRX�HW�DO���������&RQQHOO���������$W�HTXLOLEULXP��WKH�UDWHV�RI�DEVRUSWLRQ�LQWR�DQG�GHVRUSWLRQ�IURP�WKH�OLSLG�SKDVH
RI�WKH�SODQW�RU�DQLPDO�DUH�HTXDO��%HFDXVH�RI�WKH�UHODWLRQVKLS�EHWZHHQ�ORJ�.RZ�DQG�ELRFRQFHQWUDWLRQ��LW�LV�SRVVLEOH�WR
SUHGLFW�WKH�HTXLOLEULXP�ELRFRQFHQWUDWLRQ�IDFWRU��%&)��FRQFHQWUDWLRQ�LQ�WLVVXHV�FRQFHQWUDWLRQ�LQ�VROXWLRQ�LQ�DPELHQW
ZDWHU��IRU�D�SDUWLFXODU�QRQSRODU�RUJDQLF�FRPSRXQG�IURP�LWV�.RZ�

0DQ\�OLQHDU�UHJUHVVLRQV�EHWZHHQ�ORJ�.RZ�DQG�ORJ�%&)�KDYH�EHHQ�SHUIRUPHG�ZLWK�GLIIHUHQW�QXPEHUV�DQG�FODVVHV�RI
QRQSRODU�RUJDQLF�FKHPLFDOV�VSDQQLQJ�GLIIHUHQW�UDQJHV�RI�ORJ�.RZ��,VQDUG�DQG�/DPEHUW�������6FK��UPDQQ�DQG�.OHLQ



��

������1LVKLKDUD�HW�DO���������+\GURSKRELF�FKHPLFDOV�ZLWK�D�ORJ�.RZ�OHVV�WKDQ�DERXW���WR�����PD\�ELRDFFXPXODWH
UDSLGO\�EXW�QRW�WR�KLJK�FRQFHQWUDWLRQV�LQ�WLVVXHV�RI�PDULQH�RUJDQLVPV��SDUWLFXODUO\�LI�WKH\�DUH�UHDGLO\�ELRGHJUDGDEOH
�(&(72&���������+\GURSKRELF�FKHPLFDOV�ZLWK�D�ORJ�.RZ�JUHDWHU�WKDQ�DERXW�����WR���GR�QRW�ELRDFFXPXODWH
HIIHFWLYHO\�IURP�WKH�ZDWHU��EHFDXVH�WKHLU�VROXELOLW\�LQ�ERWK�WKH�ZDWHU�DQG�OLSLG�SKDVHV�LV�YHU\�ORZ��&KHVVHOV�HW�DO�
�������/DUJH�K\GURSKRELF�PROHFXOHV�ZLWK�D�OLQHDU�FKDLQ�OHQJWK�RI�PRUH�WKDQ�DERXW�����QP��DQ�HIIHFWLYH�FURVV�
VHFWLRQ�RI�DERXW�����QP��RU�D�PROHFXODU�ZHLJKW�JUHDWHU�WKDQ�DERXW�����GDOWRQV�PD\�QRW�EH�DEOH�WR�SHUPHDWH
ELRORJLFDO�PHPEUDQHV�DQG�VR�DUH�QRW�ELRDYDLODEOH��2SSHUKXL]HQ�������&RQQHOO�������

/RJ�.RZ�YDOXHV�IRU�VHYHUDO�6%)�EDVH�FKHPLFDOV�KDYH�EHHQ�PHDVXUHG�RU�HVWLPDWHG�LQ�RUGHU�WR�SUHGLFW�WKHLU
ELRDYDLODELOLW\�WR�PDULQH�RUJDQLVPV��7DEOH������(VWHUV�DUH�PRGHUDWHO\�VROXEOH�DQG�KDYH�D�ORZ�ORJ�.RZ���7KH\
SUREDEO\�DUH�ELRDYDLODEOH��KRZHYHU��WKH\�DUH�UHDGLO\�ELRGHJUDGDEOH�DQG�SUREDEO\�GR�QRW�ELRDFFXPXODWH�WR
ELRORJLFDOO\�VLJQLILFDQW�FRQFHQWUDWLRQV�LQ�WLVVXHV�RI�PDULQH�DQLPDOV��7KH�OLYHU�DQG�JXW�HQ]\PHV�LQYROYHG�LQ�IDW
PHWDEROLVP�LQ�PDULQH�DQLPDOV�FDQ�K\GURO\]H�HVWHU�ERQGV�DQG�FRQYHUW�WKH�UHVXOWLQJ�DOFRKROV�DQG�IDWW\�DFLGV�WR�ORZ
PROHFXODU�ZHLJKW�RUJDQLF�QXWULHQWV��)RRG�FKDLQ�WUDQVIHU�LV�VLJQLILFDQW�RQO\�IRU�K\GURSKRELF�FKHPLFDOV�ZLWK�ORJ�.RZV
JUHDWHU�WKDQ�DERXW����7KRPDQQ��������7KHUHIRUH��HVWHUV�DUH�QRW�UHDGLO\�ELRDFFXPXODWHG�IURP�IRRG�DQG�ZLOO�QRW
ELRPDJQLI\�LQ�PDULQH�IRRG�FKDLQV�

7DEOH������0HDVXUHG�RU�HVWLPDWHG�YDOXHV�IRU�ORJ�RFWDQRO�ZDWHU�SDUWLWLRQ�FRHIILFLHQW��ORJ�.RZ��RI
VHYHUDO�6%)�EDVH�FKHPLFDOV�

6%)�%DVH�&KHPLFDO /RJ�.RZ 5HIHUHQFH

(VWHU �������� *URZFRFN�HW�DO������

$FHWDO ���� 9LN�HW�DO������D

/LQHDU�D�2OHILQ �!���� 0F.HH�HW�DO������

,QWHUQDO�2OHILQ ������� =HYDOORV�HW�DO������

,QWHUQDO�2OHILQ !��� (57�/WG������D

3RO\�D�2OHILQ �����¤����� 9LN�HW�DO������D

3RO\�D�2OHILQ ���������������������!���� /HXWHUPDQ�����

3RO\�D�2OHILQ ���� )ULHGKHLP�HW�DO������

3RO\�D�2OHILQ �����¤����� 6FKDDQQLQJ������

3RO\�D�2OHILQ ���� =HYDOORV�HW�DO������

2OHILQV�DQG�SDUDIILQV�RI�WKH�VL]HV�IRXQG�LQ�6%)�EDVH�FKHPLFDOV�DUH�UHODWLYHO\�ODUJH�OLQHDU�FKDLQV�WKDW�GR�QRW
SHUPHDWH�PHPEUDQHV�HIILFLHQWO\��7KH\�KDYH�KLJK�ORJ�.RZV��PRVWO\�KLJKHU�WKDQ����7DEOH������LQGLFDWLQJ�H[WUHPHO\
ORZ�DTXHRXV�VROXELOLW\�DQG�ORZ�SRWHQWLDO�WR�ELRDFFXPXODWH��7KHUH�LV�DQ�LQYHUVH�UHODWLRQVKLS�EHWZHHQ�ORJ�.RZ�DQG
DTXHRXV�VROXELOLW\��)RU�H[DPSOH��RFWDGHFDQH��&���Q�SDUDIILQ��KDV�D�ORJ�.RZ�RI������DQG�DQ�DTXHRXV�VROXELOLW\�RI
�[�����PJ�/��%LRDFFXPXODWLRQ�RI�KLJKO\�K\GURSKRELF�FKHPLFDOV��VXFK�DV�6%)�ROHILQV��RFFXUV�YHU\�VORZO\��LI�DW�DOO�
(TXLOLEUDWLRQ�LQ�PDULQH�DQLPDOV�PD\�UHTXLUH�PRUH�WKDQ�D�\HDU�RI�FRQWLQXRXV�H[SRVXUH��+DZNHU�DQG�&RQQHOO������
�������7KLV�LV�ORQJHU�WKDQ�WKH�OLIH�VSDQ�RI�PRVW�EHQWKLF�RUJDQLVPV��2OHILQV��ZKLFK�DUH�UHDGLO\�ELRGHJUDGHG�E\
DHURELF�PLFURRUJDQLVPV��SUREDEO\�DUH�UHDGLO\�PHWDEROL]HG�LQ�WKH�WLVVXHV�RI�PDULQH�DQLPDOV��$V�D�UHVXOW��DFHWDWH�LV
SURGXFHG��ZKLFK�LV�DQ�LPSRUWDQW�RUJDQLF�QXWULHQW�IRU�DOO�WLVVXHV��7KHUHIRUH��LW�LV�XQOLNHO\�WKDW�ELRDFFXPXODWLRQ�RI
6%)�EDVH�FKHPLFDOV�UHSUHVHQWV�DQ�HQYLURQPHQWDOO\�LPSRUWDQW�ULVN�WR�PDULQH�RUJDQLVPV�LQ�WKH�YLFLQLW\�RI�RIIVKRUH
6%)�FXWWLQJV�GLVFKDUJHV�



��

7KHUH�KDYH�EHHQ�D�IHZ�ODERUDWRU\�LQYHVWLJDWLRQV�RI�ELRDFFXPXODWLRQ�RI�6%)�EDVH�FKHPLFDOV�E\�PDULQH�RUJDQLVPV�
5XVKLQJ�HW�DO���������H[SRVHG�HVWXDULQH�PXG�PLQQRZV�)XQGXOXV�JUDQGLV�WR�VXEVWUDWHV�RI�FXWWLQJV�FRQWDLQLQJ�����
����DQG�����SHUFHQW�RI�D�ODERUDWRU\�SUHSDUHG�3$2�6%)�LQ�D�IORZ�WKURXJK�VHDZDWHU�ELRDVVD\�V\VWHP��7KH�6%)�ZDV
DQ������SRXQG�JDOORQ�PXG�ZLWK�D�3$2�ZDWHU�UDWLR�RI��������$W�VHYHUDO�WLPHV�XS�WR����GD\V��ILVK�ZHUH�VDPSOHG�DQG
DQDO\]HG�IRU�3$2�LQ�WKH�JXW�DQG�ZKROH�WLVVXHV��1R�3$2�ZDV�GHWHFWHG�LQ�WLVVXHV�RI�WKH�ILVK��2QH�ILVK�FRQWDLQHG�D
VPDOO�DPRXQW�RI�3$2�LQ�LWV�JXW��LQGLFDWLQJ�WKDW�WKH�ILVK�KDG�LQJHVWHG�VRPH�6%)�FXWWLQJV��,Q�D�SDUDOOHO�H[SHULPHQW
SHUIRUPHG�ZLWK�ORZ�DURPDWLF�PLQHUDO�RLO�FXWWLQJV��WKH�ILVK�GLG�ELRDFFXPXODWH�D�VPDOO�DPRXQW�RI�SHWUROHXP
K\GURFDUERQV�LQ�WKHLU�WLVVXHV�

0DULQH�PXVVHOV�0\WLOXV�VSS��KDYH�EHHQ�XVHG�H[WHQVLYHO\�WR�PRQLWRU�ELRDYDLODEOH�FKHPLFDOV�LQ�FRDVWDO�HVWXDULQH�DQG
PDULQH�ZDWHUV��LQFOXGLQJ�FKHPLFDOV�GLVFKDUJHG�IURP�RIIVKRUH�RLO�DQG�JDV�SODWIRUPV��*ROGEHUJ�HW�DO��������-RKQVHQ
HW�DO���������7KH\�ILOWHU�ODUJH�YROXPHV�RI�ZDWHU��ELRDFFXPXODWLQJ�FKHPLFDOV�IURP�LW��7KH\�KDYH�RQO\�D�OLPLWHG�DELOLW\
WR�PHWDEROL]H�DQG�H[FUHWH�DFFXPXODWHG�RUJDQLF�FKHPLFDOV�DQG�VR�WHQG�WR�ELRDFFXPXODWH�WKHP�WR�KLJK�FRQFHQWUDWLRQV
LQ�VRIW�WLVVXHV��0XVVHOV�ZHUH�XVHG�E\�(57������E��DQG�0F.HH�HW�DO���������WR�PHDVXUH�WKH�ELRDYDLODELOLW\�RI�DQ�,2
DQG�D�/$2�6%)�EDVH�FKHPLFDO��UHVSHFWLYHO\�

�,Q�ERWK�VWXGLHV��WKH�ELYDOYHV�ZHUH�H[SRVHG�WR�¦VDWXUDWHG�VROXWLRQV§�RI�WKH�EDVH�FKHPLFDOV�LQ�VHDZDWHU��,W�LV�SUREDEOH
WKDW�WKH�H[SRVXUH�ZDWHU�FRQWDLQHG�GLVSHUVHG�GURSOHWV�RI�WKH�EDVH�FKHPLFDOV��,Q�ERWK�VWXGLHV��WKH�ELYDOYHV�UDSLGO\
DFFXPXODWHG�WKH�6%)�FKHPLFDO�LQ�VRIW�WLVVXHV��:KHQ�UHWXUQHG�WR�FOHDQ�VHDZDWHU��WKH�PXVVHOV�HTXDOO\�UDSLGO\
UHOHDVHG�WKH�DFFXPXODWHG�FKHPLFDOV�IURP�WKHLU�WLVVXHV��/LSLG�QRUPDOL]HG�%&)V��FRQFHQWUDWLRQ�SHU�XQLW�ZHLJKW�RI
WLVVXH�OLSLG�FRQFHQWUDWLRQ�LQ�H[SRVXUH�ZDWHU��ZHUH�HVWLPDWHG�IRU�ERWK�EDVH�FKHPLFDOV��/LSLG�QRUPDOL]HG�ORJ�%&)V
IRU�WKH�&���DQG�&���,2�EDVH�FKHPLFDOV�ZHUH������DQG�������UHVSHFWLYHO\��7KH�ORJ�%&)�IRU�WKH�/$2�ZDV������

6LPLODU�UHVXOWV�ZHUH�REWDLQHG�IRU�DFHWDO��3$2��DQG�K\GURJHQDWHG�SDUDIILQ�RLO��9LN�HW�DO������D���%&)V�XVXDOO\�DUH
H[SUHVVHG�RQ�D�ZHW�WLVVXH�ZHLJKW�ZDWHU�YROXPH�EDVLV��,I�WKH�%&)�LV�H[SUHVVHG�RQ�WKLV�EDVLV��LW�LV�DSSDUHQW�WKDW�WKH
ELRDFFXPXODWLRQ�RI�WKHVH�KLJKO\�K\GURSKRELF�FKHPLFDOV�LV�PXFK�OHVV�WKDQ�SUHGLFWHG�E\�SXEOLVKHG�UHJUHVVLRQ
UHODWLRQVKLSV�EHWZHHQ�ORJ�.RZ�DQG�ORJ�%&)��7KH�UDSLG�XSWDNH�DQG�UHOHDVH�RI�WKHVH�FKHPLFDOV�E\�WKH�PXVVHOV
VXJJHVWV�WKDW�WKH�PXVVHOV�DFWXDOO\�ZHUH�ILOWHULQJ�DQG�UHWDLQLQJ�GURSOHWV��RU�SDUWLFOHV��RI�6%)�EDVH�FKHPLFDO�LQ�WKHLU
JLOOV�DQG�GLJHVWLYH�WUDFWV��7KH�6%)�EDVH�FKHPLFDOV�ZHUH�QRW�DVVLPLODWHG�LQWR�WKH�WLVVXHV�RI�WKH�PXVVHOV�DQG�ZHUH
UHOHDVHG�EDFN�WR�WKH�ZDWHU�ZKHQ�WKH�PXVVHOV�ZHUH�UHWXUQHG�WR�FOHDQ�ZDWHU�

6FKDDQQLQJ�HW�DO���������DGGHG�PDULQH�SRO\FKDHWH�ZRUPV�+HGHVWH��1HULHV��GLYHUVLFRORU�WR�1,9$�VLPXODWHG�VHDEHG
VHGLPHQW�FKDPEHUV�FRQWDLQLQJ�VHGLPHQWV�FRQWDPLQDWHG�ZLWK�WZR�HVWHU��RQH�LQWHUQDO�ROHILQ��RQH�OLQHDU�DOSKD�ROHILQ�
RU�D�PLQHUDO�RLO�EDVH�FKHPLFDO��$IWHU�DERXW�����GD\V��QR�ZRUPV�VXUYLYHG�LQ�RQH�HVWHU�WUHDWPHQW��KDYLQJ�VXFFXPEHG
WR�ORZ�R[\JHQ�FRQFHQWUDWLRQV��,Q�WKH�RWKHU�HVWHU�WUHDWPHQW��WKH�ZRUPV�FRQWDLQHG�KLJK�FRQFHQWUDWLRQV�RI�HVWHUV�LQ
WKHLU�WLVVXHV��7KH�WLVVXH�HVWHUV�ZHUH�GLIIHUHQW�IURP�WKRVH�LQ�WKH�EDVH�FKHPLFDO�IRUPXODWLRQ�DQG�UHVHPEOHG�WKRVH�LQ
WKH�WLVVXHV�RI�ZRUPV�IURP�FRQWURO�FKDPEHUV��7KH\�SUREDEO\�ZHUH�QDWXUDO�IDWW\�DFLG�HVWHUV��7KXV��WKHUH�ZDV�QR
ELRDFFXPXODWLRQ�RI�HVWHU�6%)�EDVH�FKHPLFDOV�E\�WKH�ZRUPV�

$W�WKH�HQG�RI�WKH�VL[�PRQWK�H[SRVXUH�SHULRG��ZRUPV�H[SRVHG�WR�VHGLPHQWV�FRQWDLQLQJ�,2�6%)�EDVH�FKHPLFDO�
FRQWDLQHG������WR������PJ�NJ�ZHW�ZW�,2�LQ�WKHLU�WLVVXHV��:RUPV�H[SRVHG�WR�WKH�/$2�FRQWDPLQDWHG�VHGLPHQWV
FRQWDLQHG������WR������PJ�NJ�/$2V���+RZHYHU��D�FRPSDULVRQ�RI�WKH�6%)�EDULXP�UDWLR�LQ�H[SRVXUH�VHGLPHQWV�DQG
ZKROH�ZRUP�WLVVXHV�UHYHDOHG�WKDW�DOO�RU�PRVW�RI�WKH�6%)�ZDV�QRW�DVVLPLODWHG�LQWR�WKH�ZRUP�WLVVXHV��,W�SUREDEO\�ZDV
LQ�WKH�GLJHVWLYH�WUDFW�RI�WKH�ZRUPV��,W�LV�SRVVLEOH�WKDW�D�VPDOO�DPRXQW�RI�6%)�ZDV�ELRDFFXPXODWHG�E\�WKH�ZRUPV
GXULQJ�VL[�PRQWKV�H[SRVXUH�WR�FRQWDPLQDWHG�VHGLPHQWV��7KHVH�VWXGLHV�VKRZ�WKDW�6%)�EDVH�FKHPLFDOV�KDYH�D�YHU\
ORZ�ELRDYDLODELOLW\�WR�PDULQH�RUJDQLVPV��7KHUH�LV�OLWWOH�RU�QR�ULVN�WKDW�WKHVH�FKHPLFDOV�ZLOO�ELRDFFXPXODWH�WR
SRWHQWLDOO\�KDUPIXO�FRQFHQWUDWLRQV�LQ�WLVVXHV�RI�EHQWKLF�DQLPDOV�RU�EH�WUDQVIHUUHG�WKURXJK�PDULQH�IRRG�FKDLQV�WR
LPSRUWDQW�ILVKHU\�VSHFLHV�

�����%,2/2*,&$/�,03$&76�2)�6%)�&877,1*6�',6&+$5*(6

7KLV�LQIRUPDWLRQ�RQ�WKH�SK\VLFDO�FKHPLFDO�SURSHUWLHV�RI�6%)�EDVH�FKHPLFDOV�DQG�ZKROH�PXGV��WKHLU�IDWHV�LQ�WKH
RFHDQ��ELRGHJUDGDWLRQ�UDWHV��WR[LFLWLHV��DQG�SRWHQWLDO�IRU�ELRDFFXPXODWLRQ�SURYLGHV�D�JRRG�LQLWLDO�EDVLV�IRU�SUHGLFWLQJ
WKHLU�HIIHFWV�RQ�PDULQH�RUJDQLVPV�DQG�HFRV\VWHPV�IROORZLQJ�6%)�FXWWLQJV�GLVFKDUJHV�WR�WKH�RFHDQ��+RZHYHU��ILHOG
VWXGLHV�DUH�HVVHQWLDO�WR�YDOLGDWH�SUHGLFWLRQV�IURP�ODERUDWRU\�VWXGLHV��/LPLD�������1RUPDQ��������)LHOG�VWXGLHV�RIWHQ



��

DUH�UHTXLUHG�LQ�WKH�1RUWK�6HD�WR�GRFXPHQW�WKH�HQYLURQPHQWDO�IDWHV�DQG�HIIHFWV�RI�FXWWLQJV�GLVFKDUJHV��0RVW�ILHOG
VWXGLHV�DUH�GHVLJQHG�WR�SURYLGH�WKH�LQIRUPDWLRQ�QHHGHG�WR�PRQLWRU�WKH�IDWH�DQG�SHUVLVWHQFH�RI�6%)�FXWWLQJV�RQ�WKH
VHD�IORRU��5HODWLYHO\�IHZ�VWXGLHV�DOVR�KDYH�GRFXPHQWHG�WKH�HIIHFWV�RI�DQG�UHFRYHU\�IURP�6%)�FXWWLQJV
DFFXPXODWLRQV�LQ�WKH�ERWWRP�RQ�ELRORJLFDO�FRPPXQLWLHV�OLYLQJ�RQ�RU�LQ�ERWWRP�VHGLPHQWV�

�)RU�H[DPSOH��DOO�RI�WKH����ILHOG�VWXGLHV�SHUIRUPHG�LQ�RIIVKRUH�RLO�ILHOGV�LQ�WKH�1RUZHJLDQ�6HFWRU�RI�WKH�1RUWK�6HD�LQ
�����LQFOXGHG�PRQLWRULQJ�RI�SK\VLFDO�DQG�FKHPLFDO�FKDUDFWHULVWLFV�RI�ERWWRP�VHGLPHQWV��EXW�VHGLPHQW�PDFURIDXQD
ZHUH�PRQLWRUHG�LQ�RQO\�HLJKW�RI�WKH�ILHOG�VWXGLHV��%DNNH�HW�DO���������)LHOG�VWXGLHV�RQ�WKH�IDWHV�DQG�SHUVLVWHQFH�RI
6%)�FXWWLQJV�LQ�WKH�PDULQH�HQYLURQPHQW�ZHUH�UHYLHZHG�DERYH��%LRORJLFDO�HIIHFWV�ILHOG�VWXGLHV�DUH�UHYLHZHG�EHORZ�

�����1RUWK�6HD

7KH�PRVW�FRPSUHKHQVLYH�ILHOG�VXUYH\�SXEOLVKHG�WR�GDWH�RQ�WKH�ELRORJLFDO�LPSDFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�ZDV
XQGHUWDNHQ�IRU�D�ZHOO�GULOOHG�ZLWK�DQ�HVWHU�EDVHG�PXG�LQ�WKH�'XWFK�VHFWRU�RI�WKH�1RUWK�6HD��'DDQ�HW�DO��������/LPLD
�������:DWHU�GHSWK�DW�WKH�GULOOLQJ�ORFDWLRQ�ZDV�DSSUR[LPDWHO\����P��ZLWK�VSULQJ�WLGDO�FXUUHQW�VSHHGV�RI
DSSUR[LPDWHO\�����P�V���7KH�GULOOLQJ�SURJUDP�IRU�WKH�ZHOO�SURGXFHG�D�GLVFKDUJH�RI�������PHWULF�WRQV�RI�:%)�DQG
������WRQV�RI�HVWHU�6%)��FRQWDLQLQJ�������WRQV�RI�HVWHUV���7KH�HVWHUV�LQ�WKH�6%)�LQFOXGHG���HWK\OKH[DQRO�HVWHUV�RI
RFWDQRLF��GHFDQRLF��GRGHFDQRLF��WHWUDGHFDQRLF��DQG�KH[DGHFDQRLF�DFLGV�

6DPSOLQJ�LQFOXGHG�D�EDVHOLQH�VXUYH\�DQG�SRVW�GULOOLQJ�VDPSOLQJ�������DQG����PRQWKV�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�
6HGLPHQWV�ZHUH�FROOHFWHG�DORQJ�WUDQVHFWV�DW�GLVWDQFHV�RI��������������������������DQG�������P�SULPDULO\�GRZQ
FXUUHQW�IURP�WKH�GLVFKDUJH�SRLQW�

7ZR�]RQHV�RI�SK\VLFDO�DQG�ELRORJLFDO�LPSDFWV�ZHUH�LGHQWLILHG��ZLWKLQ�����P�RI�WKH�GLVFKDUJH�DQG�JUHDWHU�WKDQ�����P
IURP�WKH�GLVFKDUJH��$W�WKH�WLPH�RI�WKH�ILUVW�WZR�SRVW�GULOOLQJ�VXUYH\V��HVWHU�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�RXW�WR�����P
IURP�WKH�ULJ�ZHUH�KLJKO\�YDULDEOH��VXJJHVWLQJ�D�SDWFK\�GLVWULEXWLRQ�RI�FXWWLQJV�RQ�WKH�VHD�IORRU��&RQFHQWUDWLRQV�LQ
LQGLYLGXDO�UHSOLFDWHV�UDQJHG�IURP�����WR�QHDUO\�������PJ�NJ�GU\�ZW�WRWDO�HVWHUV��(VWHU�FRQFHQWUDWLRQV�LQ�VHGLPHQWV
FROOHFWHG�DW�GLVWDQFHV�JUHDWHU�WKDQ�����P�IURP�WKH�ULJ�ZHUH�DW�RU�QHDU�EDFNJURXQG��%\�WKH�WLPH�RI�WKH�WKLUG�SRVW�
GULOOLQJ�VXUYH\����PRQWKV�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��HVWHU�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�IURP�VWDWLRQV�ZLWKLQ�����P
RI�WKH�ULJ�KDG�GURSSHG�WR�WKH�UDQJH�RI�����WR������PJ�NJ��7KH�HVWLPDWHG�KDOI�OLIH�RI�HVWHUV�LQ�WKH�QHDUILHOG�VHGLPHQWV
ZDV�����GD\V��ZLWK�D����SHUFHQW�GHFUHDVH�LQ�FRQFHQWUDWLRQ�UHTXLULQJ�DQ�HVWLPDWHG�����GD\V��7KH�ORVV�RI�HVWHUV�IURP
VHGLPHQWV�ZDV�GXH�WR�D�FRPELQDWLRQ�RI�ELRGHJUDGDWLRQ�E\�VHGLPHQW�EDFWHULD�DQG�UHGLVWULEXWLRQ�DQG�GLOXWLRQ�RI
VXUILFLDO�VHGLPHQWV�

$W�WKH�WLPH�RI�WKH�EDVHOLQH�VXUYH\��VHGLPHQWV�RXW�WR�DERXW�����P�IURP�WKH�GULOOLQJ�VLWH�ZHUH�FRPSRVHG�RI�ILQH�VDQG
DQG�VLOW��$W�JUHDWHU�GLVWDQFHV��WKH�VHGLPHQWV�JUDGXDOO\�FKDQJHG�WR�FRDUVH�VDQG��7KH�GRPLQDQW�EHQWKLF�DQLPDO�LQ
VHGLPHQWV�ZLWKLQ�����P�RI�WKH�GULOOLQJ�VLWH�ZDV�WKH�HFKLQRGHUP�(FKLQRFDUGLXP�FRUGDWXP��%HWZHHQ����DQG���
GLIIHUHQW�VSHFLHV�RI�EHQWKLF�IDXQD�ZHUH�UHFRUGHG�DW�HDFK�VWDWLRQ��'LVWULEXWLRQ�RI�GLIIHUHQW�VSHFLHV�ZDV�UHODWHG�WR
VHGLPHQW�JUDLQ�VL]H�

%LRORJLFDO�UHVXOWV�RI�WKH�ILUVW�SRVW�GULOOLQJ�VXUYH\�ZHUH�QRW�UHSRUWHG��$W�WKH�WLPH�RI�WKH�VHFRQG�SRVW�GULOOLQJ�VXUYH\�
VHGLPHQWV�ZLWKLQ����P�RI�WKH�ULJ�VLWH�ZHUH�DQDHURELF�DQG�VPHOOHG�RI�K\GURJHQ�VXOILGH��/LYLQJ�(��FRUGDWXP��WKH
GRPLQDQW�VSHFLHV�LQ�WKH�SUH�GULOOLQJ�VXUYH\��ZHUH�FRPSOHWHO\�DEVHQW�IURP�VHGLPHQW�VDPSOHV�FROOHFWHG�ZLWKLQ�����P
RI�WKH�ULJ�VLWH��7KH\�ZHUH�SUHVHQW�DW�WKH�������P�VWDWLRQ��7KH�WRWDO�DEXQGDQFH�RI�EHQWKLF�IDXQD�ZDV�ORZ�DW�VWDWLRQV
ZLWKLQ�����P�RI�WKH�ULJ�VLWH��DQG�LQFUHDVHG�ZLWK�GLVWDQFH�IDUWKHU�DZD\��$EXQGDQFH�RI�WKH�RSSRUWXQLVWLF�SRO\FKDHWH
ZRUP�&DSLWHOOD�FDSLWDWD�ZDV�KLJK�DW�VWDWLRQV����DQG�����P�IURP�WKH�ZHOO�VLWH��WKH\�ZHUH�DEVHQW�IURP�VWDWLRQV�PRUH
WKDQ�����P�DZD\��1R�HIIHFWV�RQ�VSHFLHV�ULFKQHVV�ZHUH�REVHUYHG�DW�VWDWLRQV�EHWZHHQ�����DQG�������P�IURP�WKH�ULJ�

$W�WKH�WLPH�RI�WKH�WKLUG�SRVW�GULOOLQJ�VXUYH\�����PRQWKV�DIWHU�GULOOLQJ��VXUILFLDO�VHGLPHQWV�RXW�WR�����P�IURP�WKH�ULJ
VLWH�VWLOO�ZHUH�PRUH�RU�OHVV�DQDHURELF��$EXQGDQFH�RI�LQGLYLGXDOV�DQG�VSHFLHV�VWLOO�ZDV�ORZ�DW�WKH����P�VWDWLRQV��EXW
KDG�ULVHQ�WR�OHYHOV�KLJKHU�WKDQ�LQ�WKH�SUH�GULOOLQJ�VXUYH\�DW�JUHDWHU�GLVWDQFHV�IURP�WKH�GLVFKDUJHV��$OWKRXJK�HIIHFWV
VWLOO�ZHUH�HYLGHQW�RQH�\HDU�DIWHU�GULOOLQJ��WKHUH�ZDV�GHILQLWH�HYLGHQFH�RI�HFRV\VWHP�UHFRYHU\��SDUWLFXODUO\�DW�VWDWLRQV
PRUH�WKDQ����P�IURP�WKH�GLVFKDUJH�

6LPLODU�REVHUYDWLRQV�ZHUH�PDGH�QHDU�D�ZHOO�GULOOHG�ZLWK�DQ�HVWHU�6%)�LQ�WKH�1RUZHJLDQ�6HFWRU�RI�WKH�1RUWK�6HD
�6PLWK�DQG�0RRUH�������&UDQPHU�DQG�6DQGH�������*M�V�HW�DO��������6PLWK�DQG�0D\�������6PLWK�DQG�+REEV�������



��

7KH�DUHDO�H[WHQW�RI�HVWHU�DFFXPXODWLRQ�DQG�ELRORJLFDO�HIIHFWV�ZDV�OHVV�WKDQ�LQ�WKH�'XWFK�6HFWRU��SUREDEO\�EHFDXVH�RI
JUHDWHU�ZDWHU�GHSWK�����P��DQG�IDVWHU�FXUUHQWV��7DEOH������,PPHGLDWHO\�DIWHU�GULOOLQJ��WKHUH�ZDV�D�VHYHUHO\�DIIHFWHG
]RQH�RI�VHGLPHQWV�ZLWKLQ�����P�RI�WKH�ZHOO�VLWH��(VWHU�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�ZHUH�LQ�WKH�UDQJH�RI�����WR
�������PJ�NJ��PHWDOV�FRQFHQWUDWLRQV�DOVR�ZHUH�HOHYDWHG��7KH�EHQWKLF�IDXQD�ZHUH�VHYHUHO\�LPSRYHULVKHG��2QO\���
LQGLYLGXDOV�RI�IRXU�WD[D�ZHUH�IRXQG�LQ�WKH�VHGLPHQWV�FRQWDLQLQJ��������PJ�NJ�HVWHU��7KH�LPSRYHULVKHG�IDXQD�DW�WKH
���DQG�����P�VWDWLRQV�ZHUH�GRPLQDWHG�E\�WKH�RSSRUWXQLVW�SRO\FKDHWH�&DSLWHOOD�FDSLWDWD��%HWZHHQ�����DQG�����P
IURP�WKH�ZHOO�VLWH��EHQWKLF�FRQGLWLRQV�LPSURYHG�DQG�WKHUH�ZDV�QR�HYLGHQFH�RI�ELRORJLFDO�HIIHFWV�DW�GLVWDQFHV�RI�����P
RU�JUHDWHU�

2QH�\HDU�DIWHU�GULOOLQJ��WKH�]RQH�RI�FKHPLFDO�DQG�ELRORJLFDO�GLVWXUEDQFH�ZLWKLQ�����P�RI�WKH�ZHOO�VLWH�KDG
GLVDSSHDUHG�IURP�PRVW�RI�WKH�DUHD��LQGLFDWLQJ�UHFRYHU\�RI�WKH�ORFDO�EHQWKLF�HFRV\VWHP��7DEOH������+RZHYHU��VRPH
FXWWLQJV�VWLOO�ZHUH�SUHVHQW�LQ�LVRODWHG�SDWFKHV�RQ�WKH�VHD�IORRU��7ZR�RI�WKH�ILYH�UHSOLFDWH�VHGLPHQW�VDPSOHV�FROOHFWHG
����P�6:�RI�WKH�ZHOO�VLWH�FRQWDLQHG�FXWWLQJV�DQG�KDG�DQ�RGRU�RI�HVWHUV��WKH�RWKHU�WKUHH�VDPSOHV�VKRZHG�QR�HYLGHQFH
RI�FXWWLQJV�FRQWDPLQDWLRQ��7KHVH�VDPSOHV�FRQWDLQHG�D�ODUJH�QXPEHU�RI�DQLPDOV��GRPLQDWHG�E\�D�IHZ�RSSRUWXQLVWLF
VSHFLHV�

7KH�LQLWLDO�HIIHFWV�RI�HVWHU�6%)�FXWWLQJV�GLVFKDUJHV�DW�WKH�WZR�VLWHV�ZHUH�VLPLODU�WR�WKRVH�REVHUYHG�IRU�2%)�FXWWLQJV
GLVFKDUJHV�IURP�RWKHU�SODWIRUPV��2OVJDUG�DQG�*UD\��������7KH�LQLWLDO�HIIHFWV�LQ�ERWK�FDVHV�ZHUH�DWWULEXWHG�SULPDULO\
WR�VHGLPHQW�DQR[LD�FDXVHG�E\�ELRGHJUDGDWLRQ�RI�RUJDQLF�PDWWHU��HVWHUV�RU�RLO��LQ�WKH�FXWWLQJV�DQG�WR�FORJJLQJ�RI
VHGLPHQW�SRUH�VSDFHV�ZLWK�RUJDQLF�UHVLGXHV��7KH�RUJDQLF�HQULFKPHQW�DQG�UHVXOWLQJ�VHGLPHQW�DQR[LD�KDG�WKH�HIIHFW�RI
HOLPLQDWLQJ�DQR[LD�+�6�VHQVLWLYH�VSHFLHV��DOORZLQJ�FRORQL]DWLRQ�E\�ODUJH�QXPEHUV�RI�WROHUDQW��RSSRUWXQLVWLF�VSHFLHV
�3HDUVRQ�DQG�5RVHQEHUJ��������5HFRYHU\�EHJDQ�ZKHQ�VHGLPHQW�RUJDQLF�PDWWHU�ZDV�GHSOHWHG�DQG�UHGR[�SRWHQWLDO
LQFUHDVHG��5HFRYHU\�RI�WKH�EHQWKRV�IURP�HVWHU�6%)�FXWWLQJV�GLVFKDUJH�ZDV�PXFK�PRUH�UDSLG�WKDQ�WKDW�IROORZLQJ
2%)�GLVFKDUJHV��EHFDXVH�RI�WKH�UDSLG�DHURELF�DQG�DQDHURELF�ELRGHJUDGDWLRQ�RI�WKH�HVWHUV�

7DEOH������(VWHU�FRQFHQWUDWLRQV�DQG�EHQWKLF�FRPPXQLW\�FKDUDFWHULVWLFV�QHDU�WKH�8OD�:HOO��������LQ
WKH�1RUZHJLDQ�6HFWRU�RI�WKH�1RUWK�6HD��)URP�*M�V�HW�DO���������

/RFDWLRQ��P� 0HDQ�(VWHU�&RQF�
�PJ�NJ�

1R��7D[D 1R��,QGLYLGXDOV 6KDQRQ�:HLQHU
'LYHUVLW\

������7ZR�'D\V�$IWHU�'ULOOLQJ
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7DEOH������(VWHU�FRQFHQWUDWLRQV�DQG�EHQWKLF�FRPPXQLW\�FKDUDFWHULVWLFV�QHDU�WKH�8OD�:HOO��������LQ�WKH
1RUZHJLDQ�6HFWRU�RI�WKH�1RUWK�6HD���FRQWLQXHG�

/RFDWLRQ��P� 0HDQ�(VWHU�&RQF�
�PJ�NJ�

1R��7D[D 1R��,QGLYLGXDOV 6KDQRQ�:HLQHU
'LYHUVLW\

������2QH�<HDU�$IWHU�'ULOOLQJ
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����6( ���� �� ��� ����
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5HI�$ ���� �� ��� ����
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,Q����������PRQLWRULQJ�VXUYH\V�ZHUH�SHUIRUPHG�QHDU�SODWIRUPV�GLVFKDUJLQJ�6%)�WR�RIIVKRUH�ZDWHUV�RI�WKH
1RUZHJLDQ�6HFWRU�RI�WKH�1RUWK�6HD��%DNNH�HW�DO���������(LJKW�RI�WKHVH�VXUYH\V�LQFOXGHG�REVHUYDWLRQV�RI�EHQWKLF
FRPPXQLWLHV�QHDU�SODWIRUPV��$�WRWDO�RI�����PHWULF�WRQV�RI�DQ�XQLGHQWLILHG�6%)��SUREDEO\�HVWHU��ZDV�GLVFKDUJHG
IURP�WKH�)U�\�SODWIRUP�LQ�������VKRUWO\�EHIRUH�WKH�VXUYH\��/RZ�FRQFHQWUDWLRQV�RI�6%)�EDVH�FKHPLFDO�FRXOG�EH
GHWHFWHG�LQ�VHGLPHQWV�RXW�WR���NP�RI�WKH�ZHOO�VLWH��7KH�EHQWKLF�IDXQD�DSSHDUHG�QRUPDO��DQG�WKHUH�ZDV�QR�HYLGHQFH�RI
GLVWXUEDQFH�IURP�WKH�GULOOLQJ�DQG�GLVFKDUJH�DFWLYLWLHV�

$�WRWDO�RI������PHWULF�WRQV�RI�EDULWH�DQG����P��RI�HVWHU�6%)�ZHUH�GLVFKDUJHG�IURP�WKH�<PH�*DPPD�3ODWIRUP
VKRUWO\�EHIRUH�WKH�ILHOG�VXUYH\��%DNNH�HW�DO���������(VWHU�ZDV�GHWHFWHG�LQ�VHGLPHQWV�IURP�WKH�IRXU�VWDWLRQV�FORVHVW�WR
WKH�GLVFKDUJH�DQG�LQ�WZR�VWDWLRQV�GRZQ�FXUUHQW�WR�D�GLVWDQFH�RI�����P�IURP�WKH�SODWIRUP��&RQFHQWUDWLRQV�ZHUH�ORZ�
(OHYDWHG�FRQFHQWUDWLRQV�RI�EDULXP��EXW�QRW�RWKHU�PHWDOV��ZHUH�GHWHFWHG�DW�PRVW�VWDWLRQV��7KH�EHQWKLF�IDXQD�ZDV
KLJKO\�GLYHUVH�WKURXJKRXW�WKH�ILHOG��WKHUH�ZHUH�PLQRU�HIIHFWV�RI�WKH�GLVFKDUJHV�WR�D�GLVWDQFH�RI�����P�IURP�WKH
SODWIRUP�

)LIWHHQ�ZHOOV�ZHUH�GULOOHG�ZLWK�:%)�DW�WKH�7UROO�(DVW�SODWIRUP��%DNNH�HW�DO����������1R�2%)�RU�6%)�GLVFKDUJHV
ZHUH�UHSRUWHG��7KH�EHQWKLF�IDXQD�LQ�VHGLPHQWV�QHDU�WKH�SODWIRUP�KDG�D�KLJK�GLYHUVLW\��DQG�WKHUH�ZHUH�QR�VLJQV�RI
HIIHFWV�RI�WKH�:%)�GLVFKDUJHV��0LQLPDO�RU�QR�EHQWKLF�ELRORJLFDO�HIIHFWV�RI�:%)�DQG�:%)�FXWWLQJV�GLVFKDUJHV�KDYH
EHHQ�GRFXPHQWHG�LQ�WKH�1RUWK�6HD��*XOI�RI�0H[LFR��QRUWKZHVWHUQ�$WODQWLF��DQG�&DOLIRUQLD��)HUEUDFKH������
1DWLRQDO�5HVHDUFK�&RXQFLO�������1HII�������1HII�HW�DO������D��'DDQ�DQG�0XOGHU�������+\ODQG�HW�DO��������

$�WRWDO�RI������PHWULF�WRQV�RI�:%)�DQG�����WRQV�RI�HWKHU�6%)�ZHUH�GLVFKDUJHG�IURP�WKH�%UDJJH�3ODWIRUP�SULRU�WR
WKH������ILHOG�VXUYH\��%DNNH�HW�DO���������(OHYDWHG�FRQFHQWUDWLRQV�RI�6%)�EDVH�FKHPLFDO�ZHUH�GHWHFWHG�LQ�VHGLPHQWV
XS�WR���NP�GRZQ�FXUUHQW�IURP�WKH�SODWIRUP��%DULXP�FRQFHQWUDWLRQV�KDG�LQFUHDVHG�JUDGXDOO\�LQ�WKH�VHGLPHQWV�RI�WKH
DUHD�VLQFH�������7KH�EHQWKLF�FRPPXQLW\�QHDU�WKH�SODWIRUP�KDG�D�UHGXFHG�GLYHUVLW\��(IIHFWV�RI�WKH�GULOOLQJ�IOXLG
DFFXPXODWLRQV�RQ�WKH�EHQWKRV�ZHUH�GHWHFWHG�WR���NP�GRZQ�FXUUHQW�RI�WKH�GLVFKDUJH�DQG�WR�D�PD[LPXP�RI�����P�LQ
RWKHU�GLUHFWLRQV�



��

1R�LQIRUPDWLRQ�ZDV�DYDLODEOH�RQ�WKH�W\SHV�RU�TXDQWLWLHV�RI�6%)�GULOOLQJ�PXGV�GLVFKDUJHG�IURP�6OHLSQHU�:HVW�LQ
������%DNNH�HW�DO���������&RQFHQWUDWLRQV�RI�K\GURFDUERQV�DQG�PHWDOV�LQ�VHGLPHQWV�QHDU�WKH�SODWIRUP�ZHUH�ORZ��7KH
EHQWKLF�IDXQD�KDG�D�KLJK�GLYHUVLW\��DQG�WKHUH�ZDV�QR�HYLGHQFH�RI�DQ�HIIHFW�RQ�WKH�EHQWKRV�RI�GULOOLQJ�DFWLYLWLHV�

$�WRWDO�RI�������PHWULF�WRQV�RI�GULOOLQJ�FKHPLFDOV��FRQWDLQLQJ�������WRQV�RI�EDULWH�DQG����WRQV�RI�D�3$2�6%)�ZDV
GLVFKDUJHG�IURP�WKH�7RUGLV�3ODWIRUP�LQ�������%DNNH�HW�DO���������(OHYDWHG�EDULXP�FRQFHQWUDWLRQV�ZHUH�GLVWULEXWHG
XQLIRUPO\�LQ�VHGLPHQWV�DURXQG�WKH�SODWIRUP��&RQFHQWUDWLRQV�RI�6%)�EDVH�FKHPLFDO�LQ�VHGLPHQWV�ZHUH�ORZ��EXW�FRXOG
EH�GHWHFWHG�WR���NP�IURP�WKH�SODWIRUP��7KHUH�ZDV�D�JUDGLHQW�RI�EHQWKLF�FRPPXQLW\�VWUXFWXUH�LQ�VHGLPHQWV�DFURVV�WKH
ILHOG�WKDW�ZDV�QRW�WKHUH�DW�WKH�WLPH�RI�WKH�EDVHOLQH�VXUYH\��%HQWKLF�IDXQDO�GLVWXUEDQFH�ZDV�GHWHFWHG�DW�WKUHH�VWDWLRQV
RXW�WR�����P�IURP�WKH�SODWIRUP�

7KUHH�RI�WKH�PRQLWRULQJ�SURJUDPV�DURXQG�SODWIRUPV�GLVFKDUJLQJ�6%)�FXWWLQJV�WR�RIIVKRUH�ZDWHUV�RI�WKH�8.�6HFWRU
RI�WKH�1RUWK�6HD�LQFOXGHG�PHDVXUHPHQW�RI�WKH�QXPEHU�RI�WD[D�DQG�QXPEHU�RI�VSHFLHV�RI�EHQWKLF�IDXQD�DW�VRPH
VWDWLRQV��GDWD�SURYLGHG�E\�WKH�8.22$�ZLWK�SHUPLVVLRQ�RI�WKH�RIIVKRUH�RSHUDWRUV���$V�GLVFXVVHG�DERYH��6%)�EDVH
FKHPLFDOV��DQG�SUHVXPDEO\�WKH�FXWWLQJV�WR�ZKLFK�WKH\�ZHUH�DGVRUEHG��ZHUH�GLVWULEXWHG�LQ�D�YHU\�SDWFK\�SDWWHUQ�LQ
VHGLPHQWV�QHDU�WKH�SODWIRUPV��7KHUH�ZHUH�QR�FOHDU�JUDGLHQWV�RI�6%)�ZLWK�GLVWDQFH�IURP�WKH�SODWIRUPV��7KHUHIRUH�
6%)�FRQFHQWUDWLRQV�LQ�VHGLPHQW�ZHUH�FRPSDUHG�WR�ELRORJLFDO�SDUDPHWHUV�LQ�WKLV�UHYLHZ��ZLWKRXW�FRQVLGHUDWLRQ�RI
GLVWDQFH�IURP�WKH�GLVFKDUJH��LQ�DQ�DWWHPSW�WR�LGHQWLI\�SRVVLEOH�ELRORJLFDO�HIIHFWV�RI�WKH�6%)�DFFXPXODWLRQV�

(VWHU�FRQFHQWUDWLRQV�XS�WR������PJ�NJ�ZHUH�GHWHFWHG�LQ�VHGLPHQWV�WKDW�ZHUH�PRQLWRUHG�IRU�EHQWKLF�IDXQD�QHDU�D
SODWIRUP�VKRUWO\�DIWHU�GULOOLQJ�ZLWK�HVWHU�6%)��)LJXUH�����1XPEHUV�RI�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�ZHUH�QRW
FRUUHODWHG�ZLWK�VHGLPHQW�HVWHU�FRQFHQWUDWLRQV��,Q�IDFW��KLJKHVW�DEXQGDQFHV�RI�EHQWKLF�IDXQD�ZHUH�LQ�VHGLPHQWV�ZLWK
WKH�KLJKHVW�HVWHU�FRQFHQWUDWLRQV��+RZHYHU��WKH�VHGLPHQWV�ZLWK�WKH�KLJKHVW�FRQFHQWUDWLRQV�RI�HVWHUV�DQG�ODUJHVW
QXPEHUV�RI�EHQWKLF�DQLPDOV�KDG�WKH�IHZHVW�WD[D��LQGLFDWLQJ�WKDW�WKH�VXUYLYLQJ�IDXQD�RI�HVWHU�FRQWDPLQDWHG�VHGLPHQWV
FRQVLVWHG�RI�D�IHZ�RSSRUWXQLVWLF�VSHFLHV��$�\HDU�DIWHU�GULOOLQJ��WKH�SDWWHUQ�KDG�QRW�FKDQJHG��DOWKRXJK�WKH�PD[LPXP
FRQFHQWUDWLRQ�RI�HVWHU�LQ�VHGLPHQW�KDG�GHFOLQHG�WR�����PJ�NJ��)LJXUH������7KH�WZR�PRVW�KHDYLO\�FRQWDPLQDWHG
VHGLPHQWV�KDG�WKH�ORZHVW�QXPEHUV�RI�WD[D��EXW�VRPH�RI�WKH�ODUJHVW�QXPEHUV�RI�LQGLYLGXDOV��,Q�ERWK�VXUYH\V��WKH�PRVW
KHDYLO\�FRQWDPLQDWHG�VHGLPHQWV�ZHUH�IURP���WR����P�IURP�WKH�ZHOO�VLWH�

%HQWKLF�IDXQDO�VXUYH\V�ZHUH�SHUIRUPHG�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�ZLWK�OLQHDU�SDUDIILQ�6%)V�RQ�WZR
SODWIRUPV�LQ�WKH�8.�6HFWRU�RI�WKH�1RUWK�6HD��$W�WKH�ILUVW�SODWIRUP��WKH�QXPEHU�RI�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�LQ
VHGLPHQWV�GHFOLQHG�ZLWK�LQFUHDVLQJ�OLQHDU�SDUDIILQ�FRQFHQWUDWLRQV�LQ�VHGLPHQWV��)LJXUH������$�WRWDO�RI����LQGLYLGXDOV
UHSUHVHQWLQJ����WD[D�ZHUH�SUHVHQW�SHU�����P��LQ�VHGLPHQWV�FRQWDLQLQJ������PJ�NJ�OLQHDU�SDUDIILQ��FRPSDUHG�WR����
LQGLYLGXDOV��UHSUHVHQWLQJ����WD[D��LQ�D�VHGLPHQW�VDPSOH�FRQWDLQLQJ����PJ�NJ�OLQHDU�SDUDIILQ��$OO�WKH�VHGLPHQWV�
H[FHSW�WKRVH�FRQWDLQLQJ�WKH�KLJKHVW�OLQHDU�SDUDIILQ�FRQFHQWUDWLRQ��FRQWDLQHG�DQ�DEXQGDQW��GLYHUVH�EHQWKLF�IDXQD�
7KHUH�ZDV�QR�HYLGHQFH�RI�WKH�RUJDQLF�HQULFKPHQW�HIIHFW�LQ�WKH�EHQWKLF�FRPPXQLW\��7KH�OLPLWHG�GDWD�IURP�WKLV
VXUYH\�VXJJHVW�WKDW�ELRORJLFDO�HIIHFWV�LQ�DQ�DEXQGDQW��GLYHUVH�EHQWKLF�FRPPXQLW\�PD\�RFFXU�ZKHUH�WKH
FRQFHQWUDWLRQ�RI�OLQHDU�SDUDIILQ�LQ�VHGLPHQW�GRHV�QRW�H[FHHG�DERXW�����PJ�NJ��7KH�EHQWKLF�IDXQD�ZHUH�PXFK�OHVV
DEXQGDQW�DQG�GLYHUVH�LQ�VHGLPHQWV�DW�WKH�VHFRQG�OLQHDU�SDUDIILQ�6%)�FXWWLQJV�GLVFKDUJH�VLWH��)LJXUH�����

7KH�ELRORJLFDO�UHVSRQVH�ZDV�LQWHUPHGLDWH�EHWZHHQ�WKDW�DW�WKH�RWKHU�OLQHDU�SDUDIILQ�GLVFKDUJH�VLWH�DQG�DW�WKH�HVWHU
GLVFKDUJH�VLWH��7KH�QXPEHU�RI�LQGLYLGXDOV�ZDV�KLJKHVW�LQ�VHGLPHQWV�IURP�WKUHH�RI�WKH�IRXU�VWDWLRQV�ZLWK�WKH�KLJKHVW
OLQHDU�SDUDIILQ�FRQFHQWUDWLRQV������WR�����LQGLYLGXDOV�����P����DW�WKH�IRXUWK�VWDWLRQ��ERWK�QXPEHU�RI�LQGLYLGXDOV�DQG
QXPEHU�RI�WD[D�ZHUH�ORZ�

7KH�QXPEHU�RI�WD[D�YDULHG�IURP���WR����LQ�WKH���KHDYLO\�FRQWDPLQDWHG�VHGLPHQWV��FRPSDUHG�WR����WR����WD[D�LQ
VHGLPHQWV�FRQWDLQLQJ�OHVV�WKDQ�����PJ�NJ�OLQHDU�SDUDIILQ��7KH�PRVW�KHDYLO\�FRQWDPLQDWHG�VHGLPHQWV�PD\�EH
VKRZLQJ�WKH�RUJDQLF�HQULFKPHQW�HIIHFW��ODUJHU�QXPEHUV�RI�LQGLYLGXDOV�GRPLQDWHG�E\�D�IHZ�RSSRUWXQLVWLF�VSHFLHV�
7KH�QDWXUDOO\�ORZ�ELRORJLFDO�GLYHUVLW\�RI�WKH�EHQWKLF�IDXQD�DW�WKH�VLWH�PD\�KDYH�REVFXUHG�HIIHFWV�RI�WKH�GULOOLQJ
GLVFKDUJHV��RU�WKH�UHVLGHQW�FRPPXQLW\��SRVVLEO\�DOUHDG\�DGDSWHG�WR�HQYLURQPHQWDO�VWUHVV��PD\�KDYH�EHHQ�OHVV
VHQVLWLYH�WKDQ�WKH�FRPPXQLW\�DW�WKH�RWKHU�OLQHDU�SDUDIILQ�6%)�FXWWLQJV�VLWH�WR�6%)�FXWWLQJV�



��

)LJXUH�����5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQ�RI�HVWHU�6%)�LQ�VHGLPHQWV�DQG�QXPEHUV�RI�WD[D
DQG�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�WKH�1RUWK�6HD�VKRUWO\
DIWHU�GULOOLQJ�

)LJXUH������5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQ�RI�HVWHU�6%)�LQ�VHGLPHQWV�DQG�QXPEHUV�RI�WD[D
DQG�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�LQ�VHGLPHQWV�QHDU�D�SODWIRUP�LQ�WKH�1RUWK�6HD���\HDU
DIWHU�GULOOLQJ�
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)LJXUH������5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQ�RI�OLQHDU�SDUDIILQ�LQ�VHGLPHQWV�DQG�QXPEHUV�RI�WD[D
DQG�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�SHU�����P��RI�VHGLPHQW�QHDU�D�SODWIRUP�LQ�WKH�1RUWK�6HD�

)LJXUH������5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQ�RI�OLQHDU�SDUDIILQ�6%)�LQ�VHGLPHQWV�DQG�QXPEHUV�RI
WD[D�DQG�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�LQ�����P��RI��VHGLPHQW�QHDU�D�SODWIRUP�LQ�WKH�1RUWK�6HD�
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7KH�SK\VLFDO�DQG�ELRORJLFDO�HIIHFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�ZHUH�VWXGLHG�DW�D�GULOOLQJ�VLWH�LQ����P�RI�ZDWHU�LQ�WKH
QRUWKZHVWHUQ�*XOI�RI�0H[LFR��&DQGOHU�HW�DO���������:%)�ZDV�XVHG�WR�GULOO�WKH�ILUVW�������IW�RI�WKH�ZHOO��$�3$2�6%)
ZDV�XVHG�WR�GULOO�IURP������WR������IW��$�WRWDO�RI�����EEOV�RI�FXWWLQJV��DSSUR[LPDWHO\�����PHWULF�WRQV��DQG�����EEOV
RI�DVVRFLDWHG�6%)�ZHUH�GLVFKDUJHG��(3$������D��HVWLPDWHG�WKDW�WKH�GLVFKDUJH�LQFOXGHG����PHWULF�WRQV�RI�3$2�6%)�

7KUHH�ILHOG�VXUYH\V����GD\V����PRQWKV��DQG����PRQWKV�DIWHU�FRPSOHWLRQ�RI�PXG�DQG�FXWWLQJV�GLVFKDUJHV�ZHUH
SHUIRUPHG�DW�WKH�VLWH��6DPSOHV�IRU�EHQWKLF�FRPPXQLW\�DQDO\VLV�ZHUH�FROOHFWHG�RQO\�RQ�WKH����PRQWK�VXUYH\��'XULQJ
DOO�WKUHH�VXUYH\V��VHGLPHQW�VDPSOHV�ZHUH�FROOHFWHG�DW�������������������DQG������P�DORQJ�WUDQVHFWV�LQ�WKH�IRXU
FRPSDVV�GLUHFWLRQV�IURP�WKH�ZHOO�VLWH�

3$2�LQ�VHGLPHQWV�ZDV�PHDVXUHG�DV�WRWDO�SHWUROHXP�K\GURFDUERQV��73+��E\�LQIUDUHG�VSHFWURVFRS\��7KH�PHWKRG�LV
VXEMHFW�WR�LQWHUIHUHQFH�IURP�QDWXUDO�K\GURFDUERQV�DQG�QRQ�K\GURFDUERQ�FKHPLFDOV�DQG�VR�SURYLGHV�D�FRQVHUYDWLYH
�XSSHU�ERXQG��HVWLPDWH�RI�3$2�FRQFHQWUDWLRQV��%DULXP�DOVR�ZDV�PHDVXUHG�LQ�VHGLPHQWV�DV�D�WUDFHU�RI�GULOOLQJ�PXG
DFFXPXODWLRQ�DQG�GLVWULEXWLRQ��73+�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�UDQJHG�IURP����WR���������PJ�NJ���GD\V�DIWHU
GULOOLQJ��DQG�QRW�GHWHFWHG�WR��������PJ�NJ�DIWHU���PRQWKV��7DEOH������73+�FRQFHQWUDWLRQV�DERYH������PJ�NJ�LQ
VHGLPHQWV�H[WHQGHG�WR�����P�IURP�WKH�ZHOO�VLWH���GD\V�DIWHU�GULOOLQJ�DQG�WR����P�IURP�WKH�ZHOO�VLWH�DIWHU���PRQWKV�

7ZR�\HDUV�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��VHGLPHQW�73+�FRQFHQWUDWLRQV�UDQJHG�IURP�QRW�GHWHFWDEOH�WR��������PJ�NJ
�7DEOHV����DQG������&RQFHQWUDWLRQV�DERYH������PJ�NJ�ZHUH�LQ�VHGLPHQWV����DQG����P�VRXWK�DQG�ZHVW�RI�WKH�ZHOO
VLWH��$IWHU���\HDUV��RQO\���SHUFHQW�RI�WKH�6%)�RULJLQDOO\�GLVFKDUJHG�ZDV�IRXQG�ZLWKLQ�WKLV�����P�UDGLXV��VXJJHVWLQJ
VXEVWDQWLDO�GHJUDGDWLRQ�DQG�GLVSHUVLRQ�LQ�WKH�WZR�\HDUV�DIWHU�GLVFKDUJH�

6HGLPHQW�EDULXP�FRQFHQWUDWLRQV�VKRZHG�D�VLPLODU�FRQFHQWUDWLRQ�DQG�GLVWULEXWLRQ�WUHQG��%DFNJURXQG�������P
VWDWLRQV��EDULXP�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�ZHUH�����WR�����PJ�NJ��+LJKHVW�FRQFHQWUDWLRQV�UDQJHG�IURP
�������PJ�NJ�QLQH�GD\V�DIWHU�GULOOLQJ�WR��������PJ�NJ�DIWHU�HLJKW�PRQWKV��DQG��������PJ�NJ�DIWHU����PRQWKV��7DEOH
�����7KH�73+�DQG�EDULXP�GDWD�VKRZ�WKH�SDWFK\�GLVWULEXWLRQ�RI�:%)�DQG�6%)�LQ�VHGLPHQWV�DURXQG�WKH�ZHOO�VLWH��7KH
RYHUDOO�WUHQG�ZDV�IRU�FRQFHQWUDWLRQV�RI�GULOOLQJ�PXG�LQJUHGLHQWV�LQ�VHGLPHQWV�WR�GHFUHDVH�ZLWK�WLPH�DIWHU�GULOOLQJ�

$�WRWDO�RI�����WD[D�RI�EHQWKLF�LQYHUWHEUDWHV�ZHUH�LGHQWLILHG�LQ�VHGLPHQWV�QHDU�WKH�GULOO�VLWH�WZR�\HDUV�DIWHU�FRPSOHWLRQ
RI�GULOOLQJ��7KH�EHQWKLF�FRPPXQLW\�ZDV�W\SLFDO�RI�WKRVH�LQ�VKDOORZ�ZDWHUV�RI�WKH�ZHVWHUQ�*XOI�RI�0H[LFR�DQG
LQFOXGHG������SHUFHQW�SRO\FKDHWHV�������SHUFHQW�FUXVWDFHDQV�������SHUFHQW�PROOXVNV��DQG���SHUFHQW�HFKLQRGHUPV��7KH
EHQWKLF�FRPPXQLW\�DSSDUHQWO\�ZDV�XQDIIHFWHG�E\�WKH�GULOOLQJ�GLVFKDUJHV��WZR�\HDUV�DIWHU�GULOOLQJ��DW�DOO�VWDWLRQV�HDVW
DQG�QRUWK�RI�WKH�ZHOO�VLWH�DQG�DW�VWDWLRQV�PRUH�WKDQ����P�VRXWK�DQG�ZHVW�RI�WKH�ZHOO�VLWH��7DEOH������$W�WKUHH�RI�WKH
IRXU�VWDWLRQV����DQG����P�VRXWK�DQG�ZHVW�RI�WKH�ZHOO�VLWH��VHGLPHQWV�FRQWDLQHG�������WR��������PJ�NJ�73+�������WR
�������PJ�NJ�EDULXP��DQG�KDG�UHGXFHG�QXPEHUV�RU�WD[D�DQG�LQGLYLGXDOV�RI�EHQWKLF�IDXQD��6HGLPHQWV�FRQWDLQLQJ
PRUH�WKDQ�DERXW������PJ�NJ�73+�KDG�GHSDXSHUDWH�EHQWKLF�FRPPXQLWLHV��)LJXUH������6SHFLHV�GLYHUVLW\�ZDV�ORZHU�LQ
VHGLPHQWV�DW�WKHVH�VWDWLRQV�WKDQ�DW�WKH�RWKHU�VWDWLRQV��&RPPXQLW\�HYHQQHVV�ZDV�DERXW�WKH�VDPH�DW�DOO�VWDWLRQV�
LQGLFDWLQJ�WKDW�HIIHFWV�RQ�EHQWKLF�IDXQD�ZHUH�HYHQO\�GLVWULEXWHG�DPRQJ�VSHFLHV�RI�EHQWKLF�IDXQD�

,Q�JHQHUDO��WKH�UHVXOWV�RI�WKLV�PRQLWRULQJ�VWXG\�ZHUH�VLPLODU�WR�WKRVH�DURXQG�6%)�GLVFKDUJLQJ�SODWIRUPV�LQ�WKH�1RUWK
6HD��(IIHFWV�RQ�EHQWKLF�FRPPXQLWLHV�ZHUH�UHVWULFWHG�WR�D�VPDOO�DUHD�GRZQ�FXUUHQW�IURP�WKH�GLVFKDUJH��7KH�EHQWKRV
ZHUH�VDPSOHG�RQO\�RQFH�LQ�WKH�*XOI�RI�0H[LFR�VWXG\��VR�LW�LV�QRW�SRVVLEOH�WR�GHWHUPLQH�LI�WKHUH�ZDV�HFRV\VWHP
UHFRYHU\�WDNLQJ�SODFH��+RZHYHU��WKH�WHPSRUDO�SDWWHUQV�RI�3$2�FRQFHQWUDWLRQV�LQ�VHGLPHQWV��VXJJHVW�WKDW�HFRORJLFDO
UHFRYHU\�ZDV�OLNHO\�

,PSDFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�RQ�GHHS�ZDWHU�EHQWKLF�HFRV\VWHPV�DUH�ODUJHO\�XQNQRZQ��7KH�RQO\�VWXG\�WR�GDWH
WKDW�LQFOXGHG�VRPH�REVHUYDWLRQV�RI�ERWWRP�IDXQD�QHDU�D�GHHS�ZDWHU�GLVFKDUJH�VLWH�ZDV�DW�WKH�3RPSDQR�,,�SODWIRUP�LQ
����P�RI�ZDWHU��$V�GLVFXVVHG�DERYH��GLVFKDUJHV�IURP�WKH�ULJ�LQFOXGHG�������EEOV�RI�:%)�FXWWLQJV��������EEOV�RI
6%)�FXWWLQJV��DQG�DQ�HVWLPDWHG�������EEOV�RI�D�PL[HG�����/$2�����HVWHU�6%)��6%)�FRQFHQWUDWLRQV�UHDFKHG�D
PD[LPXP�LQ�VXUILFLDO�VHGLPHQWV����¤���FP��RI���������PJ�NJ����P�QRUWKHDVW�RI�WKH�GULOOLQJ�WHPSODWH��,Q�PRVW�DUHDV�
GULOO�FXWWLQJV�DFFXPXODWHG�DV�D�WKLQ�OD\HU�RQ�ERWWRP�VHGLPHQWV�



��

7DEOH������3$2�DQG�EDULXP�FRQFHQWUDWLRQV�DQG�EHQWKLF�LQIDXQDO�SDUDPHWHUV�LQ�VHGLPHQWV�QHDU�D�ZHOO
VLWH�LQ����P�RI�ZDWHU���\HDUV�DIWHU�GLVFKDUJH�RI�����EDUUHOV�RI�3$2�63)��)URP�&DQGOHU�HW�DO�
�������

3DUDPHWHU ��$IIHFWHG�6WDWLRQV ���5HPDLQLQJ
6WDWLRQV

��5HIHUHQFH
6WDWLRQV

3$2��PJ�NJ�73+� �����¤������� 1'�¤����� 1'�¤���

%DULXP��PJ�NJ� �����¤������� ����¤����� ����¤����

1XPEHU�RI�7D[D�����P� ��¤��� ���¤��� ���¤���

1XPEHU�RI�,QGLYLGXDOV�����P� ���¤���� ����¤���� ����¤����

6KDQQRQ�:HLQHU�'LYHUVLW\ �����¤����� �����¤����� �����¤�����

(YHQQHVV �����¤����� �����¤����� �����¤�����

1'�1RW�GHWHFWHG�

)LJXUH������5HODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQV�RI�3$2�EDVH�FKHPLFDO�LQ�VHGLPHQWV�DQG�QXPEHUV
RI�WD[D�DQG�LQGLYLGXDOV�SHU�����P��RI�VHGLPHQW�QHDU�D�ZHOO�LQ�WKH�*XOI�RI�0H[LFR���\HDUV
DIWHU�GULOOLQJ��)URP�&DQGOHU�HW�DO���������
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3$2�&RQFHQWUDWLRQ��PJ�NJ�73+�
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6HGLPHQWV�IRU�EHQWKLF�IDXQDO�DQDO\VLV�ZHUH�FROOHFWHG�ZLWK�D�UHPRWHO\�RSHUDWHG�YHKLFOH��529��IURP�VWDWLRQV��������
DQG����P�QRUWKHDVW�DQG�������������DQG����P�VRXWKZHVW�RI�WKH�WHPSODWH��$�WRWDO�RI�������PDFURIDXQDO�DQLPDOV�ZHUH
FROOHFWHG��SRO\FKDHWHV�ZHUH�PRVW�DEXQGDQW��IROORZHG�E\�JDVWURSRG�PROOXVNV��7KH�DEXQGDQFH�RI�EHQWKLF�IDXQD�ZDV
VLJQLILFDQWO\�KLJKHU�LQ�VHGLPHQWV�DORQJ�WKH�QRUWKHDVWHUQ�WUDQVHFW��KLJKHVW�6%)�FRQFHQWUDWLRQV�LQ�VHGLPHQW��WKDQ�LQ
VHGLPHQWV�DORQJ�WKH�VRXWKZHVWHUQ�WUDQVHFW��7DEOH�����

7KHUH�ZDV�D�ODUJHU�QXPEHU�RI�LQGLYLGXDOV�EXW�D�VPDOOHU�QXPEHU�RI�WD[D�RI�EHQWKLF�IDXQD�LQ�WKH�PRUH�KHDYLO\
FRQWDPLQDWHG�VHGLPHQWV�QRUWKHDVW�RI�WKH�WHPSODWH�WKDQ�LQ�FOHDQHU�VHGLPHQWV�VRXWKZHVW�RI�WKH�WHPSODWH��VXJJHVWLQJ�DQ
RUJDQLF�HQULFKPHQW�HIIHFW��0XFK�RI�WKH�GLIIHUHQFH�LQ�DEXQGDQFH�RI�EHQWKLF�IDXQD�LQ�VHGLPHQWV�DORQJ�WKH�QRUWKHDVW
WUDQVHFW�WKDQ�DORQJ�WKH�VRXWKZHVW�WUDQVHFW�ZDV�GXH�WR�SRO\FKDHWHV��ZKLFK�ZHUH�SUHVHQW�LQ�VHGLPHQWV�IURP�WKH
QRUWKHDVW�WUDQVHFW�DW�D�GHQVLW\�RI�PRUH�WKDQ��������P���FRPSDUHG�WR�D�GHQVLW\�RI��������P��LQ�VHGLPHQWV�IURP�WKH
VRXWKZHVW�WUDQVHFW��+RZHYHU��FRSHSRGV��QHPDWRGHV��SRO\FKDHWHV��DQG�JDVWURSRGV�DOO�ZHUH�PRUH�DEXQGDQW�LQ
VHGLPHQWV�DORQJ�WKH�QRUWKHDVW�WUDQVHFW�WKDQ�LQ�VHGLPHQWV�DORQJ�WKH�VRXWKZHVW�WUDQVHFW�

7DEOH������&RQFHQWUDWLRQV�RI�/$2�HVWHU�6%)��EHQWKLF�PDFURIDXQD��DQG�GHPHUVDO�PHJDIDXQD��PRVWO\
ILVK��DORQJ�IRXU�WUDQVHFWV�H[WHQGLQJ�WR����P�IURP�D�GULOOLQJ�WHPSODWH�LQ�����P�RI�ZDWHU�LQ�WKH
*XOI�RI�0H[LFR��)URP�)HFKKHOP�HW�DO���������

3DUDPHWHU 7UDQVHFW�'LUHFWLRQ�IURP�7HPSODWH

1( 6( 6: 1:

0HDQ�6%)���¤��FP��PJ�NJ� ������ ����� ����� �����

0HDQ�6%)���¤��FP��PJ�NJ� ������ ����� ����� �����

1R��0DFURIDXQD ������� ��� ������� ���

1R��7D[D�0DFURIDXQD ��������������� ��� �������� ���

0DFURIDXQD�'HQVLW\��QR�FP�� �������������� ��� ������������� ���

1R��0HJDIDXQD �������������� ������� �������������� �������

0HJDIDXQD�'HQVLW\��QR�KD� ������� ����� ������� �����

'HPHUVDO�PHJDIDXQD��PRVWO\�ILVK��ZHUH�FRXQWHG�IURP�YLGHRWDSHV�WDNHQ�DORQJ�HDFK�WUDQVHFW��6HYHQ�ILVK�WD[D�ZHUH
LGHQWLILHG�DQG�FRXQWHG��1XPEHUV�DQG�GHQVLWLHV�RI�GHPHUVDO�ILVK�REVHUYHG�DORQJ�WKH���WUDQVHFWV�ZHUH�VLPLODU��7KH
GHQVLWLHV�ZHUH�KLJKHU�WKDQ�REVHUYHG�DW�RWKHU�ORFDWLRQV�DW�VLPLODU�GHSWKV�LQ�WKH�QRUWKHUQ�*XOI�RI�0H[LFR��7KH�ILVK�PD\
KDYH�EHHQ�DWWUDFWHG�WR�WKH�3RPSDQR�GULOOLQJ�WHPSODWH�RU�GLVWXUEHG�VHGLPHQWV�QHDUE\��1HLWKHU�EHQWKLF�IDXQD�QRU
GHPHUVDO�ILVK�DEXQGDQFH�VHHPV�WR�KDYH�EHHQ�DGYHUVHO\�DIIHFWHG�E\�WKH�GLVFKDUJH�RI�6%)�FXWWLQJV�

�����$XVWUDOLD

5HVXOWV�VLPLODU�WR�WKRVH�UHSRUWHG�LQ�RWKHU�UHJLRQV�KDYH�EHHQ�UHSRUWHG�IRU�WKH�)RUWHVFXH�)LHOG��ORFDWHG�LQ����P�RI
ZDWHU�LQ�WKH�%DVV�6WUDLJKW�RII�VRXWKHDVW�$XVWUDOLD��7HUUHQV�HW�DO���������7ZHQW\�RQH�ZHOOV�ZHUH�GULOOHG�DW�)RUWHVFXH
ZLWK�:%)�EHWZHHQ������DQG��������(LJKWHHQ�DGGLWLRQDO�ZHOOV�ZHUH�GULOOHG�WKHUH�EHWZHHQ�2FWREHU������DQG
6HSWHPEHU�������0RVW�RI�WKLV�GULOOLQJ�DOVR�ZDV�SHUIRUPHG�ZLWK�:%)��KRZHYHU��WKH�ORQJ�UHDFK��KLJK�DQJOH�VHFWLRQV
RI���ZHOOV�UHTXLUHG�WKH�XVH�RI�6%)V��'XULQJ�WKH�HQWLUH������¤������SURJUDP��DSSUR[LPDWHO\��������P��RI�:%)�
������P��RI�FXWWLQJV��DQG�������P��RI�HVWHU�6%)�RQ�FXWWLQJV�ZHUH�GLVFKDUJHG�WR�WKH�%DVV�6WUDLW��7KH�IDWH�RI�WKHVH
GLVFKDUJHV�ZDV�PRQLWRUHG�GXULQJ�ILYH�VHDEHG�VXUYH\V�XQGHUWDNHQ�EHWZHHQ�$XJXVW�������SUH�6%)�FXWWLQJV
GLVFKDUJHV��DQG�$XJXVW����������PRQWKV�DIWHU�FRPSOHWLRQ�RI�6%)�FXWWLQJV�GLVFKDUJHV��



��

6HGLPHQWV�ZHUH�VDPSOHG�DW���VWDWLRQV�����WR������P�DORQJ�D�WUDQVHFW�VRXWKZHVW�RI�WKH�SODWIRUP��WKH�GLUHFWLRQ�RI�WKH
SUHYDLOLQJ�ZDWHU�FXUUHQWV��DQG�����P�VRXWK�RI�WKH�SODWIRUP��6HGLPHQWV�LQ�WKH�YLFLQLW\�RI�)RUWHVFXH�DUH�PHGLXP�WR
FRDUVH�VDQGV��LQGLFDWLQJ�D�KLJK�HQHUJ\�HQYLURQPHQW��7KH�KLJKHVW�HVWHU�FRQFHQWUDWLRQ�LQ�VHGLPHQWV���������PJ�NJ�
ZDV�LQ�VHGLPHQW�FROOHFWHG�����P�VRXWKZHVW�RI�WKH�SODWIRUP�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ�ZLWK�6%)��6L[�PRQWKV
ODWHU��WKH�FRQFHQWUDWLRQ�RI�HVWHU�LQ�VHGLPHQW�IURP�WKLV�VWDWLRQ�KDG�GHFOLQHG�WR�����PJ�NJ��6HGLPHQW�IURP�WKH�VWDWLRQ
����P�VRXWK�RI�WKH�SODWIRUP�FRQWDLQHG������PJ�NJ�HVWHU�VKRUWO\�DIWHU�6%)�GLVFKDUJH�DQG�����PJ�NJ���PRQWKV�ODWHU�
0RVW�RWKHU�VWDWLRQV�GLG�QRW�FRQWDLQ�PHDVXUDEOH�FRQFHQWUDWLRQV�RI�HVWHU�������PJ�NJ��DW�DQ\�WLPH��7KXV��HVWHUV�IURP
6%)�FXWWLQJV�ZHUH�QRW�SHUVLVWHQW�LQ�VHGLPHQWV�IURP�WKLV�KLJK�HQHUJ\�HQYLURQPHQW��%DULXP�FRQFHQWUDWLRQ�LQFUHDVHG�LQ
VHGLPHQWV��PD[LPXP�FRQFHQWUDWLRQ�����PJ�NJ��XS�WR���NP�VRXWKZHVW�RI�WKH�SODWIRUP�GXULQJ�6%)�FXWWLQJV
GLVFKDUJHV��%DULXP�FRQFHQWUDWLRQV�UHPDLQHG�HOHYDWHG�LQ�VHGLPHQWV�����P�IURP�WKH�SODWIRUP�IRU�DW�OHDVW���\HDU�DIWHU
FRPSOHWLRQ�RI�GULOOLQJ�

,PSDFWV�RI�WKH�GULOOLQJ�IOXLGV�DQG�FXWWLQJV�GLVFKDUJHV�RQ�EHQWKLF�IDXQDO�FRPPXQLWLHV�ZDV�OLPLWHG�WR�ZLWKLQ�����P�RI
WKH�SODWIRUP�ZLWK�UHFRYHU\�HYLGHQW�ZLWKLQ���PRQWKV�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��'XULQJ�WKH�WLPH�RI�6%)�FXWWLQJV
GLVFKDUJHV��QXPEHUV�RI�QHPDWRGHV�DQG�FUXVWDFHDQV�GHFUHDVHG�DQG�QXPEHUV�RI�SRO\FKDHWHV�LQFUHDVHG�LQ�VHGLPHQWV
����P�VRXWKZHVW�RI�WKH�SODWIRUP��7RWDO�DEXQGDQFH�RI�EHQWKLF�IDXQD�UHPDLQHG�QHDUO\�FRQVWDQW�DQG�EHQWKLF�IDXQDO
GLYHUVLW\�GHFOLQHG��7KHVH�HIIHFWV�DUH�W\SLFDO�RI�DQ�RUJDQLF�HQULFKPHQW�HIIHFW��3HDUVRQ�DQG�5RVHQEHUJ��������:LWKLQ��
PRQWKV�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��EHQWKLF�ELRORJLFDO�SDUDPHWHUV�KDG�UHWXUQHG�WR�SUH�GULOOLQJ�FRQGLWLRQV��5HFRYHU\
ZDV�DWWULEXWHG�WR�D�FRPELQDWLRQ�RI�HVWHU�ELRGHJUDGDWLRQ�DQG�WKH�DFWLYH�SK\VLFDO�VHDEHG�GLVSHUVLRQ�SURFHVVHV�LQ�WKH
HDVWHUQ�%DVV�6WUDLJKW�

�����',6&866,21��(&2/2*,&$/�5,6.�$66(660(17

(FRORJLFDO�ULVN�DVVHVVPHQW�PHWKRGV�DUH�EHLQJ�XVHG�ZLWK�LQFUHDVLQJ�IUHTXHQF\�WR�SUHGLFW�RU�IRUHFDVW�WKH
FRQVHTXHQFHV�RI�KXPDQ�DFWLYLWLHV��SDUWLFXODUO\�UHOHDVHV�RI�WR[LF�FKHPLFDOV��WR�WKH�HQYLURQPHQW��$Q�HFRORJLFDO�ULVN
DVVHVVPHQW�LV�SHUIRUPHG�LQ�IRXU�VWHSV��WKH�WZR�PRVW�LPSRUWDQW�RI�ZKLFK�DUH�DQ�H[SRVXUH�DVVHVVPHQW�DQG�D�ELRORJLFDO
HIIHFWV�DVVHVVPHQW��(3$��������������6XWHU���������,Q�WKH�H[SRVXUH�DVVHVVPHQW��HVWLPDWHV�RI�WKH�UDWHV�RI�UHOHDVH�RI
WKH�FKHPLFDOV�RI�FRQFHUQ�WR�WKH�HQYLURQPHQW�DUH�FRQYHUWHG�WR�HVWLPDWHV�RI�GRVHV�RI�WKH�FKHPLFDOV�RI�FRQFHUQ
�&2&V��WR�YDOXHG�HFRV\VWHP�FRPSRQHQWV��7KH�HIIHFWV�DVVHVVPHQW�LQWHUSUHWV�WKH�HVWLPDWHG�GRVHV�LQ�WHUPV�RI
ELRORJLFDO�HIIHFWV�RQ�YDOXHG�HFRV\VWHP�FRPSRQHQWV��7KH�VDPH�ULVN�DVVHVVPHQW�SURFHGXUHV�DUH�LQWHJUDO�WR�WKH
HYDOXDWLRQ�RI�WKH�HFRORJLFDO�HIIHFWV��LQMXU\�WR�ELRORJLFDO�UHVRXUFHV��IURP�KLVWRULF�RU�RQJRLQJ�DFWLYLWLHV�RU�DFXWH
HYHQWV��VXFK�DV�LQ�SODFH�SROOXWDQWV��HIIOXHQW�GLVFKDUJHV��DQG�DFFLGHQWDO�UHOHDVHV�RI�RLO�RU�KD]DUGRXV�PDWHULDOV��(3$�
�������7KH�REMHFWLYH�RI�D�ULVN�DVVHVVPHQW�IRU�6%)�FXWWLQJV�GLVFKDUJHV�LV�WR�FKDUDFWHUL]H�WKH�OLNHOLKRRG�DQG�QDWXUH�
PDJQLWXGH��DQG�GXUDWLRQ�RI�DGYHUVH�HFRORJLFDO�HIIHFWV�UHVXOWLQJ�IURP�SHUPLWWHG�GLVFKDUJHV�WR�WKH�RFHDQ�RI�6%)
FXWWLQJV�

7KH�ILUVW�VWHS�LQ�D�ULVN�DVVHVVPHQW�IRU�6%)�FXWWLQJV�LV�SUREOHP�IRUPXODWLRQ��DOVR�FDOOHG�KD]DUG�GHILQLWLRQ��6XWHU
�������,W�LQYROYHV�LGHQWLILFDWLRQ�RI�YDOXHG�HFRV\VWHP�FRPSRQHQWV�DW�ULVN��UHVRXUFHV�DW�ULVN��DQG�HIIHFWV�RI�FRQFHUQ�
DQG�LQFOXGHV�D�GHVFULSWLRQ�RI�WKH�HQYLURQPHQW�XQGHU�LQYHVWLJDWLRQ�DQG�WKH�VRXUFH�WHUPV��UDWH�RI�UHOHDVH�RI�WKH�&2&V
IURP�WKHLU�VRXUFHV��

,Q�WKH�H[SRVXUH�DVVHVVPHQW��WKH�VRXUFH�WHUPV�DUH�FRQYHUWHG�LQWR�HVWLPDWHV�RI�H[SRVXUH�RU�GRVH�RI�WKH�&2&V�WR
YDOXHG�HFRV\VWHP�FRPSRQHQWV��7KH�HIIHFWV�DVVHVVPHQW�LQWHUSUHWV�WKH�HVWLPDWHG�H[SRVXUH�LQ�WHUPV�RI�ELRORJLFDO
HIIHFWV��LQMXU\��RQ�YDOXHG�HFRV\VWHP�FRPSRQHQWV��7KH�ILQDO�VWHS�LV�D�ULVN�FKDUDFWHUL]DWLRQ�WKDW�LQWHJUDWHV�WKH�UHVXOWV
RI�WKH�H[SRVXUH�DQG�HIIHFWV�DVVHVVPHQW�WR�REWDLQ�DQ�HVWLPDWH�RI�WKH�SUREDELOLW\��WKH�ULVN��RI�GLIIHUHQW�OHYHOV�RI�HIIHFWV
WKDW�DUH�RU�ZLOO�UHVXOW�IURP�WKH�H[SRVXUH��6XWHU�������

7KLV�ULVN�DVVHVVPHQW�UHOLHV�RQ�WKH�H[WHQVLYH�LQIRUPDWLRQ�RQ�WKH�FRPSRVLWLRQ�DQG�HQYLURQPHQWDO�IDWHV�DQG�HIIHFWV�RI
6%)�FXWWLQJV�GHVFULEHG�LQ�HDUOLHU�VHFWLRQV�RI�WKLV�UHYLHZ��7KH�QDWXUH�RI�WKH�DYDLODEOH�GDWD�SUHFOXGHV�D�TXDQWLWDWLYH
HVWLPDWH�RI�ULVN��7KHUHIRUH��WKH�ULVN�FKDUDFWHUL]DWLRQ�LV�TXDOLWDWLYH��DQG�IRFXVHV�RQ�SRWHQWLDO�HFRORJLFDO�HIIHFWV�RI
6%)�FXWWLQJV�GLVFKDUJHV�WR�GHHS�RIIVKRUH�ZDWHUV��WKH�FRQWLQHQWDO�VORSH��RI�WKH�*XOI�RI�0H[LFR�



��

�����3UREOHP�)RUPXODWLRQ

����� 5HVRXUFHV�DW�5LVN

7KH�*XOI�RI�0H[LFR�LV�D�VHPL�HQFORVHG��VXEWURSLFDO�VHD�ZLWK�D�VXUIDFH�DUHD�RI�DSSUR[LPDWHO\�����PLOOLRQ�NP�

�006���������7KH�FRQWLQHQWDO�VORSH�KDV�D�KLOO�DQG�EDVLQ�WRSRJUDSK\�DQG�H[WHQGV�IURP�WKH�HGJH�RI�WKH�FRQWLQHQWDO
VKHOI�LQ�����WR�����P�RI�ZDWHU�WR�D�GHSWK�RI�DERXW������P��3KLOOLSV�DQG�-DPHV��������7KH�FRQWLQHQWDO�VORSH�RI�WKH
ZHVWHUQ�DQG�FHQWUDO�*XOI�RI�0H[LFR�KDV�DQ�DUHD�RI�DERXW���������NP���,W�FXUUHQWO\�LV�WKH�VLWH�RI�VXEVWDQWLDO
H[SORUDWLRQ�IRU�DQG�GHYHORSPHQW�RI�RLO�DQG�JDV�UHVRXUFHV�

7KH�EHQWKLF�HQYLURQPHQW�RI�WKH�FRQWLQHQWDO�VORSH�RI�WKH�QRUWKHUQ�*XOI�RI�0H[LFR�JHQHUDOO\�LV�FKDUDFWHUL]HG�E\�D
PRUH�VWDEOH�SK\VLFDO�FKHPLFDO�UHJLPH�WKDQ�WKH�VKDOORZHU�VKHOI�HQYLURQPHQWV��XQLIRUP�ORZ�WHPSHUDWXUHV��KLJK
VDOLQLW\��DQG�XVXDOO\�KLJK�GLVVROYHG�R[\JHQ�FRQFHQWUDWLRQV��,Q�PRVW�ORFDWLRQV��WKH�VORSH�IDXQD�KDV�D�KLJK�VSHFLHV
ULFKQHVV�DQG�GLYHUVLW\��EXW�ORZ�HQHUJ\�DQG�ELRPDVV�SURGXFWLRQ��FKDUDFWHUL]HG�E\�]RRJHRJUDSKLF�YDULDWLRQ�DQG�VPDOO�
VFDOH�SDWFKLQHVV��-XPDUV�������5H[�������*DOODZD\�������*UDVVOH�������

2QH�RI�WKH�PRVW�LPSRUWDQW�IDFWRUV�UHJXODWLQJ�FRPPXQLW\�VWUXFWXUH�DQG�SURGXFWLRQ�LQ�WKH�VORSH�EHQWKRV�LV�WKH�VORZ
UDLQ�RI�RUJDQLF�QXWULHQW�SDUWLFOHV�IURP�DERYH��%LRORJLFDO�SURGXFWLRQ�LQ�VXUIDFH�ZDWHUV�RI�WKH�FRQWLQHQWDO�VORSH�RI�WKH
*XOI�RI�0H[LFR�LV�PXFK�OHVV�WKDQ�LQ�FRDVWDO�DQG�FRQWLQHQWDO�VKHOI�ZDWHUV��DFFRXQWLQJ�LQ�SDUW�IRU�WKH�ORZHU
SURGXFWLYLW\�RI�WKH�VORSH�EHQWKRV��3HTXHJQDW��������%HFDXVH�VHGLPHQW�GHSRVLWLRQ�UDWHV�RQ�PRVW�SDUWV�RI�WKH�VORSH
DUH�YHU\�ORZ��PRVW�EHQWKLF�IDXQD�RI�WKH�VORSH�DUH�QRW�ZHOO�DGDSWHG�WR�WROHUDWH�KLJK�VHGLPHQW�IOX[HV�DQG�GHSRVLWLRQ
UDWHV��7KH�EHQWKRV�FRXOG�EH�VHQVLWLYH�WR�LQFUHDVHG�IOX[HV�RI�SDUWLFXODWH�PDWWHU�DVVRFLDWHG�ZLWK�6%)�FXWWLQJV
GLVFKDUJHV�IURP�RIIVKRUH�RLO�DQG�JDV�H[SORUDWLRQ�DQG�GHYHORSPHQW�

2Q�WKH�VORSH�RII�/RXLVLDQD�DQG�7H[DV��WKHUH�LV�D�ODUJH�QXPEHU�RI�K\GURFDUERQ�VHHSV�WKDW�VXSSRUW�XQLTXH�ELRORJLFDO
FRPPXQLWLHV��0DF'RQDOG��������&KHPRV\QWKHWLF�FRPPXQLWLHV�FRQVLVW�RI�DVVHPEODJHV�RI�ODUJH�VHVVLOH�PDULQH
DQLPDOV�WKDW�DUH�GHSHQGHQW�RQ�FKHPRV\QWKHWLF�EDFWHULD�DV�WKHLU�SULPDU\�IRRG�VRXUFH��7KH�EDFWHULD�VXEVLVW�RQ
SHWUROHXP�K\GURFDUERQV�DQG�+�6�VHHSLQJ�IURP�WKH�VHD�IORRU��6HGLPHQWV�LQ�DUHDV�RI�FKHPRV\QWKHWLF�FRPPXQLWLHV
RIWHQ�DUH�FRYHUHG�ZLWK�D�ZKLWH�RU�RUDQJH�PDW�RI�DQDHURELF�EDFWHULD��SULPDULO\�%HJJLDWRD�VSS���LQGLFDWLQJ�WKDW�WKH
XQGHUO\LQJ�VHGLPHQWV�DUH�DQR[LF��0DF'RQDOG�DQG�6FKURHGHU��������0RVW�RI�WKH�FKHPRV\QWKHWLF�FRPPXQLWLHV
GLVFRYHUHG�WR�GDWH�RFFXU�RQ�WKH�VORSH�LQ�ZDWHU�GHSWKV�IURP�����WR�������P��,W�LV�QRW�FOHDU�LI�WKH�FKHPRV\QWKHWLF
FRPPXQLWLHV�DUH�VHQVLWLYH�WR�VHGLPHQW�GHSRVLWLRQ�IURP�6%)�FXWWLQJV�GLVFKDUJHV��7KH\�SUREDEO\�ZRXOG�QRW�EH
VHQVLWLYH�WR�WKH�RUJDQLF�HQULFKPHQW�HIIHFWV�RI�6%)�FXWWLQJV�REVHUYHG�LQ�VKHOI�VHGLPHQWV�

����� (IIHFWV�RI�&RQFHUQ

7KH�PDLQ�HQYLURQPHQWDO�FRQFHUQ�UHVXOWLQJ�IURP�GLVFKDUJH�RI�6%)�FXWWLQJV�WR�GHHS�RIIVKRUH�ZDWHUV�RI�WKH�*XOI�RI
0H[LFR�LV�WKDW�WKH�FXWWLQJV�PD\�DFFXPXODWH�RQ�WKH�VHD�IORRU�DQG�DGYHUVHO\�DIIHFW�WKH�EHQWKLF�FRPPXQLWLHV�OLYLQJ
WKHUH��$V�GLVFXVVHG�DERYH��DGYHUVH�HIIHFWV�RQ�EHQWKLF�FRPPXQLWLHV�PD\�RFFXU�DV�D�UHVXOW�RI�WKH�WR[LFLW\�RI�6%)
FXWWLQJV�LQJUHGLHQWV��RUJDQLF�HQULFKPHQW�RI�VHGLPHQWV�IURP�ELRGHJUDGDWLRQ�RI�RUJDQLF�PDWWHU�LQ�WKH�6%)�FXWWLQJV�
GLUHFW�VPRWKHULQJ�RI�EHQWKLF�IDXQD�E\�WKH�DFFXPXODWLRQ�RI�FXWWLQJV�VROLGV�RQ�WKH�VHD�IORRU��DQG�DOWHUDWLRQ�RI
VHGLPHQW�WH[WXUH�DQG�SK\VLFDO�FKHPLFDO�SURSHUWLHV��UHQGHULQJ�WKH�VHGLPHQWV�OHVV�VXLWDEOH�IRU�VRPH�VSHFLHV�DQG�PRUH
VXLWDEOH�IRU�RWKHUV�

$Q�LPSRUWDQW�IDFWRU�LQ�WKH�SRWHQWLDO�HIIHFWV�RI�6%)�FXWWLQJV�RQ�EHQWKLF�FRPPXQLWLHV�LV�WKH�UDWH�RI�HFRV\VWHP
UHFRYHU\�IROORZLQJ�FHVVDWLRQ�RI�FXWWLQJV�GLVFKDUJH��7KH�UDWH�RI�HFRV\VWHP�UHFRYHU\�GHSHQGV�RQ�WKH�SHUVLVWHQFH�RI
LPSDFW�FDXVLQJ�6%)�FXWWLQJV�LQJUHGLHQWV�LQ�VHGLPHQWV��DQG�WKH�UDWH�RI�UHFUXLWPHQW�WR�RU�UHFRORQL]DWLRQ�RI�EHQWKLF
KDELWDWV��6RPH�EHQWKLF�DQLPDOV�UHSURGXFH�DQG�JURZ�VORZO\��*UDVVOH�������0DF'RQDOG��������ZKLFK�PD\�VORZ
HFRV\VWHP�UHFRYHU\�RI�WKH�VORSH�EHQWKRV��VKRXOG�LW�EH�DGYHUVHO\�DIIHFWHG�E\�6%)�FXWWLQJV�GLVFKDUJHV�

����� &KHPLFDOV�RI�&RQFHUQ

0RVW�GULOOLQJ�RQ�WKH�GHHS�ZDWHU�VORSH�RI�WKH�QRUWKHUQ�*XOI�RI�0H[LFR�SUREDEO\�ZLOO�EH�SHUIRUPHG�ZLWK�:%)V�DQG
6%)V��$OWKRXJK�VHYHUDO�W\SHV�RI�6%)V�KDYH�EHHQ�XVHG�LQ�WKH�SDVW�LQ�WKH�*XOI�RI�0H[LFR��LW�LV�SUREDEOH�WKDW�PRVW
IXWXUH�GULOOLQJ�ZLWK�6%)V�LQ�WKH�GHHS�ZDWHU�JXOI�ZLOO�EH�ZLWK�,2V�DQG�SRVVLEO\�DOVR�/$2V��7KH�IRFXV�RI�WKLV�ULVN



��

DVVHVVPHQW�ZLOO�EH�RQ�6%)V��%XON�6%)V�DUH�QRW�SHUPLWWHG�IRU�GLVFKDUJH�WR�RIIVKRUH�ZDWHUV�RI�WKH�*XOI�RI�0H[LFR�
+RZHYHU��GULOO�FXWWLQJV��XVXDOO\�FRQWDLQLQJ�DQ�DYHUDJH�RI�DERXW����SHUFHQW�6%)�EDVH�FKHPLFDO��7DEOH�����PD\�EH
GLVFKDUJHG�WR�WKH�RFHDQ�

,2V�DQG�/$2V�DUH�V\QWKHWLF�ROHILQV��K\GURFDUERQV�ZLWK�RQH�RU�PRUH�GRXEOH�ERQGV���7DEOH�����/$2V�XVHG�LQ�6%)V
DUH�OLQHDU�DQG�EUDQFKHG�&��WR�&���ROHILQV�ZLWK�WKH�GRXEOH�ERQG�LQ�WKH�WHUPLQDO��DOSKD��SRVLWLRQ��0ROHFXODU�ZHLJKWV
UDQJH�IURP�DERXW�����WR������/$2V�KDYH�ORZ�DTXHRXV�VROXELOLWLHV�

,2V�DUH�SUHSDUHG�IURP�/$2V�E\�LVRPHUL]DWLRQ��&RPPHUFLDO�,2V�XVHG�IRU�GULOOLQJ�IOXLG�IRUPXODWLRQ�XVXDOO\�KDYH
FDUERQ�FKDLQ�OHQJWKV�RI����WR�����7KH�GRXEOH�ERQG�LV�EHWZHHQ�WZR�LQWHUQDO�FDUERQV�

6%)V�FRQWDLQ�VHYHUDO�RWKHU�LQJUHGLHQWV��LQFOXGLQJ�DQ�HPXOVLILHU��ZHWWLQJ�DJHQWV��UKHRORJ\�PRGLILHUV��RUJDQRSKLOLF
FOD\��OLPH��DQG�EDULWH��7DEOHV���DQG�����7KH�FOD\�DQG�EDULWH�PD\�FRQWDLQ�VHYHUDO�PHWDOV�RI�SRWHQWLDO�HQYLURQPHQWDO
FRQFHUQ��7DEOH�����7KH�PHWDOV�DUH�PRVWO\�LQ�YHU\�LQVROXEOH��LPPRELOH�IRUPV�LQ�WKH�PLQHUDO�PDWULFHV�RI�WKH�FOD\�DQG
EDULWH��7KH�RQO\�LQJUHGLHQW�RI�6%)�RI�HQYLURQPHQWDO�FRQFHUQ��RWKHU�WKDQ�WKH�6%)�EDVH�FKHPLFDO��LV�WKH�HPXOVLILHU�
(PXOVLILHUV�SUREDEO\�LQWHUDFW�ZLWK�WKH�6%)�EDVH�FKHPLFDO�WR�LQFUHDVH�LWV�ELRDYDLODELOLW\�DQG�ELRGHJUDGDELOLW\�

����� 'LVFKDUJH�RI�6%)�&XWWLQJV

'XULQJ�GULOOLQJ��6%)V�DUH�FLUFXODWHG�GRZQ�KROH�ZKHUH�WKH\�SLFN�XS�FXWWLQJV�SURGXFHG�E\�WKH�JULQGLQJ�DFWLRQ�RI�WKH
GULOO�ELW�RQ�WKH�IRUPDWLRQ�VROLGV��7KH�GULOOLQJ�PXG�FRQWDLQLQJ�VXVSHQGHG�FXWWLQJV�LV�SDVVHG�WKURXJK�WUHDWPHQW�GHYLFHV
WR�UHPRYH�WKH�FXWWLQJV�IURP�WKH�PXG��7KH�6%)�LV�UHWXUQHG�WR�WKH�PXG�SLWV�IRU�UHFLUFXODWLRQ�GRZQ�KROH��&XWWLQJV
FRQWDLQLQJ�DGKHULQJ�6%)�DUH�GLVFKDUJHG�PRUH�RU�OHVV�FRQWLQXRXVO\�WR�WKH�RFHDQ�GXULQJ�GULOOLQJ��ZKLFK�PD\�RFFXU
DERXW����SHUFHQW�RI�WKH�WLPH�

'LVFKDUJH�VWDWLVWLFV�IURP����ZHOOV�GULOOHG�LQ�WKH�8.�VHFWRU�RI�WKH�1RUWK�6HD�LQGLFDWH�WKDW�DERXW�����WR������PHWULF
WRQV�RI�FXWWLQJV�FRQWDLQLQJ����WR�����WRQV�RI�6%)�PD\�EH�GLVFKDUJHG�WR�WKH�RFHDQ�GXULQJ�GULOOLQJ�RI�D�ZHOO��7DEOH����
%HFDXVH�RI�WKH�DGKHUHQW�6%)�EDVH�FKHPLFDOV��WKH�FXWWLQJV�DUH�K\GURSKRELF�DQG�FOXPS�WRJHWKHU�DIWHU�GLVFKDUJH�WR�WKH
RFHDQ��7KH�FOXPSV�RI�6%)�FXWWLQJV��EHLQJ�GHQVHU�WKDQ�VHDZDWHU��VHWWOH�UDSLGO\�WR�WKH�VHD�IORRU��7KH�FXWWLQJV
DFFXPXODWH�RQ�WKH�VHD�IORRU�QHDU�WKH�GLVFKDUJH�SRLQW��WKH�GLVWDQFH�IURP�DQG�GLVWULEXWLRQ�DURXQG�WKH�GLVFKDUJH
GHSHQGLQJ�RQ�ZDWHU�GHSWK��FXUUHQW�VSHHGV��DQG�GHQVLW\�DQG�GHJUHH�RI�FOXPSLQJ�RI�WKH�FXWWLQJV�

�����([SRVXUH�$VVHVVPHQW

%HFDXVH�6%)�FXWWLQJV�FRQWDLQLQJ�VHYHUDO�SHUFHQW�DGKHULQJ�6%)�GR�QRW�GLVSHUVH�HIIHFWLYHO\�LQ�WKH�ZDWHU�FROXPQ
IROORZLQJ�GLVFKDUJH��WKH\�VHWWOH�UDSLGO\�DV�FOXPSV�RI�VROLGV�WKURXJK�WKH�ZDWHU�FROXPQ�DQG�DFFXPXODWH�RQ�WKH�ERWWRP
QHDU�WKH�SODWIRUP�GLVFKDUJH�VLWH��7KH�UDWH�RI�VHWWOLQJ�RI�6%)�FXWWLQJV�WKURXJK�WKH�ZDWHU�FROXPQ�DQG�WKH�DUHDO�H[WHQW
DQG�FRQFHQWUDWLRQV�RI�FXWWLQJV�DFFXPXODWLQJ�RQ�WKH�ERWWRP�GHSHQG�RQ�WKH�GHQVLW\�DQG�VL]H�GLVWULEXWLRQ�RI�VHWWOLQJ
SDUWLFOHV��ZDWHU�GHSWKV��DQG�WKH�WKUHH�GLPHQVLRQDO�ZDWHU�FXUUHQW�UHJLPH�LQ�WKH�ZDWHU�FROXPQ�

%HFDXVH�RI�WKH�UDSLG�GHVFHQW�RI�WKH�FXWWLQJV��YHU\�OLWWOH�6%)�EDVH�FKHPLFDO�GLVVROYHV�RU�LV�GLVSHUVHG�LQ�WKH�ZDWHU
FROXPQ��%UDQGVPD��������HVWLPDWHG�WKH�PD[LPXP�FRQFHQWUDWLRQV�RI�SHWUROHXP�LQ�WKH�ZDWHU�FROXPQ�GXULQJ
GLVFKDUJH�RI�2%)�FXWWLQJV�LQ�WKH�1RUWK�6HD��7KH�PD[LPXP�RLO�FRQFHQWUDWLRQ�LQ�WKH�ZDWHU�FROXPQ�ZDV�DERXW���PJ�/
ZKHQ�WKH�GLVFKDUJH�ZDV�RI�2%)�FXWWLQJV�FRQWDLQLQJ���SHUFHQW�RLO��,W�LV�SUREDEOH�WKDW�6%)�EDVH�FKHPLFDO
FRQFHQWUDWLRQV�LQ�WKH�ZDWHU�FROXPQ�IROORZLQJ�GLVFKDUJH�RI�6%)�FXWWLQJV�ZRXOG�EH�VLPLODU�WR�WKH�SUHGLFWHG�RLO
FRQFHQWUDWLRQV��%\�FRPSDULVRQ��WKH�DFXWH�WR[LFLW\�RI�WKH�VXVSHQGHG�SDUWLFXODWH�SKDVH�RI�,2�EDVH�FKHPLFDOV�UDQJHV
IURP�OHVV�WKDQ��������PJ�/�WR���������PJ�/��7DEOH�����

7KH�DFXWH�WR[LFLW\�RI�,2�DQG�/$2�EDVH�FKHPLFDOV�WR�PDULQH�DOJDH�DQG�FRSHSRGV�LV�������PJ�/�WR�PRUH�WKDQ�������
PJ�/��7DEOH������7KXV��WKHUH�LV�QR�ULVN�RI�D�WR[LF�UHVSRQVH�LQ�ZDWHU�FROXPQ�RUJDQLVPV�IURP�H[SRVXUH�WR�6%)
FXWWLQJV�VHWWOLQJ�WKURXJK�WKH�ZDWHU�FROXPQ��$Q�LQFUHDVH�LQ�VXUIDFH�ZDWHU�WXUELGLW\�IURP�VXVSHQGHG�FXWWLQJV�SDUWLFOHV
FRXOG�DIIHFW�SK\WRSODQNWRQ�SURGXFWLRQ�RQ�D�KLJKO\�ORFDOL]HG�VFDOH��+RZHYHU��WXUELGLW\�SOXPHV�DUH�OLNHO\�WR�EH�VPDOO
DQG�WUDQVLWRU\�EHFDXVH�RI�WKH�UDSLG�VHWWOLQJ�RI�6%)�FXWWLQJV�

%UDQGVPD��������PRGHOHG�WKH�LQLWLDO�DFFXPXODWLRQ�RI�2%)�FXWWLQJV�RQ�WKH�ERWWRP�IROORZLQJ�GLVFKDUJH�RI�����P�

2%)�FXWWLQJV�FRQWDLQLQJ�����WR������SHUFHQW�RLO�WR�WKH�1RUWK�6HD�IURP�SODWIRUPV�LQ����WR�����P�RI�ZDWHU��+H



��

HVWLPDWHG�WKH�DUHD�RI�VHD�IORRU�WKDW�ZRXOG�EH�FRQWDPLQDWHG�WR�D�GHSWK�RI���FP�RU����FP�ZLWK�PRUH�WKDQ������PJ�NJ
RI�RLO�������PJ�NJ�RLO�ZDV�FRQVLGHUHG�WR�EH�WKH�WKUHVKROG�IRU�VLJQLILFDQW�EHQWKLF�ELRORJLFDO�HIIHFWV�RI�RLO�IURP�2%)
FXWWLQJV�DFFXPXODWLRQV��%HUJH�������

7KH�HVWLPDWHG�VHDEHG�DUHD�FRQWDLQLQJ�PRUH�WKDQ������PJ�NJ�RLO�LQ�WKH���FP�VHGLPHQW�OD\HU�UDQJHG�IURP���WR����
KHFWDUHV����WR����NP���GHSHQGLQJ�RQ�WKH�RLO�FRQWHQW�RI�WKH�FXWWLQJV��,I�WKH�2%)�FXWWLQJV�ZHUH�PL[HG�LQ�VHGLPHQWV�WR
D�GHSWK�RI����FP��WKH�DUHD�FRQWDLQLQJ�PRUH�WKDQ������PJ�NJ�RLO�GHFUHDVHG�WR���WR�����KHFWDUHV��7KH�ODUJHVW�DUHDV�RI
KLJK�HVWLPDWHG�RLO�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�ZHUH�DVVRFLDWHG�ZLWK�GLVFKDUJHV�RI�FXWWLQJV�FRQWDLQLQJ�WKH�KLJKHVW
FRQFHQWUDWLRQV�RI�RLO��6HWWOLQJ�DQG�GHSRVLWLRQ�RI�6%)�FXWWLQJV�SUREDEO\�ZRXOG�EH�VLPLODU�WR�WKDW�RI�2%)�FXWWLQJV�

,Q�WKH�VLPXODWHG�GLVFKDUJHV�RI�2%)�FXWWLQJV�FRQWDLQLQJ������DQG������SHUFHQW�RLO��WKH�VPDOOHVW�DUHD�RI�VHGLPHQWV
FRQWDLQLQJ�PRUH�WKDQ������PJ�NJ�RLO������WR�����KHFWDUHV�DVVXPLQJ�D�PL[LQJ�GHSWK�RI���FP��ZDV�DW�WKH�GHHSHVW�VLWH
�����P���7KH�SUHGLFWHG�DUHD�RI�VHGLPHQWV�FRQWDLQLQJ�PRUH�WKDQ������PJ�NJ�RLO�ZDV�UHGXFHG�WR�����KHFWDUHV�ZKHQ
WKH�FRQFHQWUDWLRQ�RI�RLO�LQ�WKH�GLVFKDUJHG�FXWWLQJV�ZDV�UHGXFHG�WR�����SHUFHQW��,I�PRGHOHG�PL[LQJ�GHSWK�LQ�VHGLPHQW
ZDV�LQFUHDVHG�WR����FP��RLO�FRQFHQWUDWLRQ�LQ�VHGLPHQWV�GLG�QRW�H[FHHG������PJ�NJ�

$W�WKH�GHHSHU�HQG�RI�WKH�UDQJH�RI�FRQWLQHQWDO�VORSH�GHSWKV�LQ�WKH�*XOI�RI�0H[LFR��LW�LV�KLJKO\�OLNHO\�WKDW�WKH�DUHD�RI
GHSRVLWLRQ�RI�6%)�FXWWLQJV�RQ�WKH�ERWWRP�ZLOO�EH�PXFK�JUHDWHU�WKDQ�SUHGLFWHG�E\�%UDQGVPD���������6%)
FRQFHQWUDWLRQV�LQ�VHGLPHQWV�JUHDWHU�WKDQ������PJ�NJ�DUH�OLNHO\�WR�FRYHU�D�VPDOOHU�DUHD��LI�FRQFHQWUDWLRQV�H[FHHG
�����PJ�NJ�DW�DOO���&XUUHQW�VSHHGV�DQG�GLUHFWLRQV�DW�GLIIHUHQW�GHSWKV�LQ�WKH�ZDWHU�FROXPQ�ZLOO�EH�WKH�PDLQ
GHWHUPLQDQW�RI�WKH�DUHD�RI�6%)�FXWWLQJV�GHSRVLWLRQ�DQG�WKH�GLVWDQFH�IURP�WKH�SODWIRUP�ZLWKLQ�ZKLFK�KLJK
FRQFHQWUDWLRQV�RI�FXWWLQJV�LQ�VHGLPHQWV�ZLOO�RFFXU�

7KHUH�LV�D�ORQJ�KLVWRU\�RI�:%)�XVH�RIIVKRUH�LQ�WKH�*XOI�RI�0H[LFR��+RZHYHU��GULOOLQJ�LV�PRUH�UDSLG�DQG�FRVWV�DUH
ORZHU�ZLWK�6%)V�WKDQ�ZLWK�:%)V��SDUWLFXODUO\�LI�6%)�FXWWLQJV�FDQ�EH�GLVFKDUJHG��%XUNH�DQG�9HLO���������,W�LV
KLJKO\�OLNHO\�WKDW�6%)V�ZLOO�ODUJHO\�UHSODFH�:%)V�LQ�WKH�GHHS�ZDWHU�*XOI�RI�0H[LFR�ZKHUH�GULOOLQJ�FRVWV�DUH�KLJK�
(YHQ�WKRXJK�:%)V�DUH�XVHG�IRU�WKH�XSSHU�SRUWLRQV�RI�ZHOOV��6%)V�SUREDEO\�ZLOO�EH�XVHG�IRU�WKH�PRUH�GLIILFXOW
VHFWLRQV�RU�ZKHQ�SUREOHPV�UHTXLULQJ�WKH�VSHFLDO�SURSHUWLHV�RI�6%)V�DUH�HQFRXQWHUHG���7KXV��WKH�DPRXQW�RI�6%)
FXWWLQJV�GLVFKDUJHG�SHU�ZHOO�LQ�WKH�GHHS�*XOI�RI�0H[LFR�ZLOO�SUREDEO\�EH�VLPLODU�WR�WKH�DPRXQW�RI�6%)�FXWWLQJV
GLVFKDUJHG�SHU�ZHOO�RIIVKRUH�LQ�WKH�1RUWK�6HD�DQG�RWKHU�RXWHU�FRQWLQHQWDO�VKHOI�DQG�VORSH�DUHDV�RI�WKH�ZRUOG�

)RU�WKH�ULVN�DVVHVVPHQW��ZH�KDYH�DVVXPHG�D�FRQVHUYDWLYH�XSSHU�ERXQG�HVWLPDWH�WKDW���KHFWDUH�RI�VHD�IORRU�QHDU�D
GULOOLQJ�VLWH�RQ�WKH�FRQWLQHQWDO�VORSH�ZLOO�FRQWDLQ�VXUILFLDO�VHGLPHQWV�ZLWK�PRUH�WKDQ������PJ�NJ�6%)�LPPHGLDWHO\
IROORZLQJ�GLVFKDUJH�RI�6%)�FXWWLQJV�IURP�WKH�SODWIRUP��2YHU�WLPH��WKH�DUHD�RI�VHD�IORRU�VHGLPHQWV�FRQWDLQLQJ�PRUH
WKDQ������PJ�NJ�6%)�EDVH�FKHPLFDO�ZLOO�GHFUHDVH�WKURXJK�ELRGHJUDGDWLRQ�DQG�VHGLPHQW�UHVXVSHQVLRQ�DQG�WUDQVSRUW�
7KH�UDWH�RI�UHVXVSHQVLRQ�DQG�WUDQVSRUW�SUREDEO\�ZLOO�EH�YHU\�ORZ�DW�WKH�ZDWHU�GHSWKV�FKDUDFWHULVWLF�RI�WKH�FRQWLQHQWDO
VORSH��9HUWLFDO�PL[LQJ�LQ�VHGLPHQWV�E\�ELRWXUEDWLRQ�DOVR�LV�XQOLNHO\�WR�FRQWULEXWH�PXFK�WR�GLOXWLQJ�6%)�FXWWLQJV
FRQFHQWUDWLRQV�LQ�VXUILFLDO�VHGLPHQWV��7KXV��WKH�PDLQ�PHFKDQLVP�RI�ORVV�RI�6%)�IURP�GHHS�ZDWHU�VHGLPHQWV�ZLOO�EH
ELRGHJUDGDWLRQ�

$OWKRXJK�ODERUDWRU\�DQG�VLPXODWHG�VHDEHG�VWXGLHV�KDYH�VKRZQ�WKDW�6%)�EDVH�FKHPLFDOV�DUH�ELRGHJUDGDEOH�XQGHU
DHURELF�DQG�VRPHWLPHV�DQDHURELF�FRQGLWLRQV��UHVXOWV�IURP�ILHOG�PRQLWRULQJ�VWXGLHV�DUH�PL[HG�DQG�HTXLYRFDO��7KXV��LW
LV�XQFHUWDLQ�LI�6%)V��SDUWLFXODUO\�3$2V��*DUGOLQH���������ELRGHJUDGH�IDVWHU�WKDQ�ORZ�WR[LFLW\�PLQHUDO�RLOV�XQGHU
ILHOG�FRQGLWLRQV��SDUWLFXODUO\�LI�WKH�6%)�FRQFHQWUDWLRQ�LQ�VHGLPHQWV�LV�KLJK��)LJXUH�����(VWHUV�GHILQLWHO\�GR
ELRGHJUDGH�LQ�RIIVKRUH�VHGLPHQWV��FDXVLQJ�ORFDOL]HG�VHGLPHQW�DQR[LD�

,Q�GHSRVLWLRQ�VFHQDULRV�PRGHOHG�E\�%UDQGVPD���������D�FRQFHQWUDWLRQ�RI������PJ�NJ�RLO�LQ�D���FP�VHGLPHQW�OD\HU
FRUUHVSRQGHG�WR�D�GHSRVLWLRQ�GHQVLW\�RI������J�P��������PJ�FP����$W�WKLV�FRQFHQWUDWLRQ��3$2�EDVH�FKHPLFDO�KDG�D
ELRGHJUDGDWLRQ�KDOI�OLIH�LQ�WKH�1,9$�VLPXODWHG�VHDEHG�WHVW�RI�����GD\V��7DEOH������7KH�GHJUDGDWLRQ�KDOI�OLIH�IRU�,2
DQG�/$2�EDVH�FKHPLFDOV�DW�WKLV�DSSUR[LPDWH�GHSRVLWLRQ�GHQVLW\�LQ�VHGLPHQW�ZRXOG�EH����WR�����GD\V��7DEOH�����
7KXV��WKH�DUHD�RI�VHGLPHQWV�FRQWDLQLQJ�PRUH�WKDQ������PJ�NJ�6%)�EDVH�FKHPLFDO�ZLOO�GHFUHDVH�VXEVWDQWLDOO\�ZLWKLQ
RQH�\HDU�DIWHU�6%)�FXWWLQJV�GLVFKDUJH��$�FRQVHUYDWLYH�HVWLPDWH�RI�WKH�GHFUHDVH�LQ�WKH�¦DIIHFWHG�DUHD§�LV
���SHUFHQW�\HDU�LI�/$2�RU�,2�FXWWLQJV�DUH�GLVFKDUJHG��,I�WKLV�DVVXPSWLRQ�LV�XVHG��WKH�DUHD�RI�VHGLPHQWV�FRQWDLQLQJ
PRUH�WKDQ������PJ�NJ�6%)�GHFUHDVHV�IURP��������P��LPPHGLDWHO\�DIWHU�FRPSOHWLRQ�RI�FXWWLQJV�GLVFKDUJH��WR�����
P��DIWHU�RQH�\HDU�DQG�����P��DIWHU�WZR�\HDUV�



��

�����(IIHFWV�$VVHVVPHQW

$V�GLVFXVVHG�DERYH��ELRORJLFDO�HIIHFWV�LQ�EHQWKLF�FRPPXQLWLHV�IURP�GHSRVLWLRQ�RI�6%)�FXWWLQJV�PD\�EH�FDXVHG�E\
WR[LFLW\�RI�WKH�GULOOLQJ�IOXLG�LQJUHGLHQWV��HIIHFWV�RI�VHGLPHQW�DQR[LD�FDXVHG�E\�ELRGHJUDGDWLRQ�RI�RUJDQLF�FKHPLFDOV
LQ�WKH�6%)�FXWWLQJV��GLUHFW�EXULDO�E\�GULOO�FXWWLQJV�VROLGV��DQG�FKDQJHV�LQ�WH[WXUH�DQG�SK\VLFDO�FKHPLFDO�SURSHUWLHV�RI
WKH�VHGLPHQWV��7KH�VHQVLWLYLW\�RI�EHQWKLF�IDXQD�RI�WKH�FRQWLQHQWDO�VORSH�RI�WKH�*XOI�RI�0H[LFR�WR�WKHVH�HIIHFWV�RI
FXWWLQJV�GHSRVLWLRQ�LV�ODUJHO\�XQNQRZQ��7KHUHIRUH��LW�LV�QRW�SRVVLEOH�WR�SUHGLFW�ZKLFK�RI�WKHVH�HIIHFWV�LV�OLNHO\�WR
FRQWULEXWH�PRVW�WR�DQ\�SRVVLEOH�DGYHUVH�HIIHFWV�RI�6%)�FXWWLQJV�GHSRVLWLRQ�RQ�EHQWKLF�FRPPXQLWLHV�

,2�DQG�/$2�EDVH�FKHPLFDOV�DQG�6%)V�KDG�D�ORZ�WR�PRGHUDWH�WR[LFLW\�LQ�VROLG�SKDVH�WHVWV��7DEOHV����DQG������,Q
PRVW�FDVHV�WKH�DFXWH�WR[LFLW\�RI�WKH�6%)V�ZDV�ZHOO�DERYH������PJ�NJ�GU\�VHGLPHQW��7KH�WHVW�VSHFLHV�ZHUH
DPSKLSRGV�DQG�ELYDOYH�PROOXVNV��7KH�GRPLQDQW�EHQWKLF�IDXQD�LQ�VORSH�VHGLPHQWV�DUH�SRO\FKDHWHV��3RO\FKDHWHV�YDU\
ZLGHO\�LQ�VHQVLWLYLW\�WR�FKHPLFDO�WR[LFLW\��6RPH�VSHFLHV��VXFK�DV�&DSLWHOOD��DUH�WROHUDQW�WR�PDQ\�HQYLURQPHQWDO
VWUHVVHV��DQG�PD\�UHSODFH�RWKHU�VSHFLHV�LQ�6%)�FRQWDPLQDWHG�VHGLPHQWV��*M�V�HW�DO��������'DDQ�HW�DO���������:KHQ
6%)�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�H[FHHG�DERXW������PJ�NJ��6%)�WR[LFLW\�PD\�FRQWULEXWH�WR�HIIHFWV�RI�6%)�FXWWLQJV
RQ�WKH�EHQWKRV�

,Q�WKH�8.�VHFWRU�RI�WKH�1RUWK�6HD��FRQFHQWUDWLRQV�RI�OLQHDU�SDUDIILQ�6%)�DERYH�DERXW�����PJ�NJ�LQ�VHGLPHQWV�ZHUH
DVVRFLDWHG�ZLWK�GHFUHDVHV�LQ�DEXQGDQFH�DQG�GLYHUVLW\�RI�EHQWKLF�IDXQD��GDWD�IURP�8.22$���1HDU�D�ZHOO�VLWH�LQ�WKH
*XOI�RU�0H[LFR��VHGLPHQWV�FRQWDLQLQJ�PRUH�WKDQ�DERXW������PJ�NJ�RI�3$2�6%)��PHDVXUHG�DV�WRWDO�SHWUROHXP
K\GURFDUERQV��VXSSRUWHG�RQO\�GHSDXSHUDWH�EHQWKLF�FRPPXQLWLHV��&DQGOHU�HW�DO��������

)LHOG�VXUYH\V�RI�LPSDFWV�RI�6%)�FXWWLQJV�GLVFKDUJHV�RQ�EHQWKLF�HQYLURQPHQWV�XVXDOO\�GRFXPHQW�DFFXPXODWLRQ�RI
6%)�FXWWLQJV�LQ�VHGLPHQWV�QHDU�WKH�GLVFKDUJH�VLWH�DQG��LQ�VRPH�FDVHV�FKDQJHV�LQ�WKH�FRPSRVLWLRQ�DQG�GLYHUVLW\�RI�WKH
EHQWKLF�IDXQD�LQ�VHGLPHQWV�FRQWDLQLQJ�WKH�KLJKHVW�FRQFHQWUDWLRQV�RI�6%)V��:KHQ�HIIHFWV�DUH�REVHUYHG��FKDQJHV�LQ
EHQWKLF�FRPPXQLWLHV�XVXDOO\�LQFOXGH�D�GHFUHDVH�LQ�WKH�QXPEHU�RI�WD[D�DQG�ELRORJLFDO�GLYHUVLW\�DQG�HLWKHU�D�GHFUHDVH
RU�DQ�LQFUHDVH�LQ�WKH�WRWDO�QXPEHU�RI�LQGLYLGXDOV�RI�EHQWKLF�IDXQD�SUHVHQW��2IWHQ��WKH�VSHFLHV�FRPSRVLWLRQ�RI�WKH
EHQWKLF�FRPPXQLW\�LV�GLIIHUHQW�LQ�6%)�FRQWDPLQDWHG�DQG�FOHDQ�VHGLPHQWV��7KHVH�EHQWKLF�FRPPXQLW\�UHVSRQVHV
RIWHQ�DUH�DVVRFLDWHG�ZLWK�D�GHFUHDVH�LQ�R[\JHQ�FRQFHQWUDWLRQ�LQ�VXUILFLDO�OD\HUV�RI�VHGLPHQWV��7KHVH�FRPPXQLW\
FKDQJHV�DUH�W\SLFDO�UHVSRQVHV�WR�RUJDQLF�HQULFKPHQW�RI�WKH�VHGLPHQWV��3HDUVRQ�DQG�5RVHQEHUJ��������$Q�LQFUHDVH�LQ
WKH�FRQFHQWUDWLRQ�RI�ELRGHJUDGDEOH�RUJDQLF�PDWWHU�LQ�VHGLPHQWV�VWLPXODWHV�JURZWK�RI�UHVLGHQW�EDFWHULDO�DQG�IXQJDO
FRQVRUWLD�WKDW�GHJUDGH�WKH�RUJDQLF�PDWWHU�DQG�FRQVXPH�DYDLODEOH�R[\JHQ��:LWK�WKH�GHSOHWLRQ�RI�VHGLPHQW�R[\JHQ�
WKH�UHVLGHQW�PLFURELRWD�XVH�DOWHUQDWLYH�HOHFWURQ�DFFHSWRUV�WR�R[LGL]H�WKH�RUJDQLF�PDWWHU��SURGXFLQJ�K\GURJHQ�VXOILGH�
DPPRQLD��DQG�SRVVLEO\�PHWKDQH�DV�ZDVWH�SURGXFWV��6RPH�VSHFLHV�RI�EHQWKLF�IDXQD�DUH�VHQVLWLYH�WR�ORZ�R[\JHQ
FRQFHQWUDWLRQV�RU�KLJK�FRQFHQWUDWLRQV�RI�K\GURJHQ�VXOILGH�RU�DPPRQLD�DQG�DUH�HOLPLQDWHG�IURP�WKH�FRPPXQLW\�
RWKHU�VSHFLHV�FDQ�WROHUDWH�WKHVH�FKHPLFDO�FKDQJHV�DQG�WKH\�PD\�FRORQL]H�WKH�DIIHFWHG�VXEVWUDWH�LQ�ODUJH�QXPEHUV�

2UJDQLF�HQULFKPHQW�DSSHDUV�WR�EH�WKH�PDLQ�PHFKDQLVP�RI�DGYHUVH�LPSDFW�RI�2%)�DQG�6%)�FXWWLQJV�RQ�EHQWKLF
FRPPXQLWLHV��)LHOG�VWXGLHV�RI�2%)�FXWWLQJV�GLVFKDUJHV�KDYH�LQGLFDWHG�WKDW�VHGLPHQWV�PD\�EHFRPH�DQDHURELF�LI�WKH\
FRQWDLQ������PJ�NJ�RU�PRUH�RI�PLQHUDO�RLO��9LN�HW�DO�������D���%LRGHJUDGDELOLW\�RI�6%)V�LV�VLPLODU�WR�RU�JUHDWHU�WKDQ
WKDW�RI�GLHVHO�IXHO�RU�PLQHUDO�RLOV��7DEOH������(VWHUV��WKH�PRVW�ELRGHJUDGDEOH�6%)��PD\�FDXVH�VHGLPHQW�DQR[LD�DW
FRQFHQWUDWLRQV�ZHOO�EHORZ������PJ�NJ��'DDQ�HW�DO���������,2�DQG�/$2�6%)V�GLG�QRW�FDXVH�VHGLPHQW�DQR[LD�LQ
1,9$�VLPXODWHG�VHDEHG�WHVWV��6FKDDQQLQJ�HW�DO���������EXW�PD\�LQ�WKH�ILHOG�LI�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�H[FHHG
DERXW������PJ�NJ��7KHUH�ZDV�D�JRRG�FRUUHODWLRQ�LQ�1,9$�VHDEHG�VLPXODWLRQ�ELRGHJUDGDWLRQ�VWXGLHV�ZLWK�6%)
EHWZHHQ�EHQWKLF�IDXQDO�GLYHUVLW\�DQG�VHGLPHQW�UHGR[�SRWHQWLDO��)LJXUH�����VXJJHVWLQJ�WKDW�R[\JHQ�GHSOHWLRQ�E\�6%)
ELRGHJUDGDWLRQ�LQ�VHGLPHQWV�FRQWULEXWHV�WR�HIIHFWV�RI�6%)�FXWWLQJV�RQ�EHQWKLF�FRPPXQLWLHV�

(IIHFWV�RI�EXULDO�ZLWK�6%)�FXWWLQJV�VROLGV�RQ�FRQWLQHQWDO�VORSH�EHQWKLF�IDXQD�DUH�QRW�NQRZQ��1DWXUDO�VHGLPHQWDWLRQ
UDWHV�LQ�VORSH�VHGLPHQWV�DUH�YHU\�ORZ�LQ�PRVW�ORFDWLRQV��XVXDOO\�MXVW�D�IUDFWLRQ�RI�D�PLOOLPHWHU�SHU�\HDU��&XWWLQJV
SLOHV�XS�WR�DERXW���P�KLJK�DFFXPXODWHG�RQ�VHGLPHQWV�QHDU�6%)�FXWWLQJV�GLVFKDUJH�VLWHV�LQ�WKH�8.�6HFWRU�RI�WKH
1RUWK�6HD��7DEOH������7KH�SLOHV�RFFXSLHG�DUHDV�RI�XS�WR�DERXW��������P���)ROORZLQJ�GULOOLQJ�ZLWK�6%)V�DQG
GLVFKDUJH�RI�6%)�FXWWLQJV�IURP�D�ULJ�LQ�����P�RI�ZDWHU�LQ�WKH�QRUWKHUQ�*XOI�RI�0H[LFR��WKHUH�ZDV�D�WKLQ�YHQHHU�RI
FXWWLQJV�GLVSHUVHG�RYHU�PXFK�RI�WKH�ERWWRP�LQ�D�SDWFK\�GLVWULEXWLRQ�QHDU�WKH�GULOOLQJ�WHPSODWH��*DOODZD\�HW�DO�������
)HFKKHOP�HW�DO���������0D[LPXP�FXWWLQJV�DFFXPXODWLRQ�DSSHDUHG�WR�EH����WR����FP�WKLFN�LQ�VRPH�ORFDWLRQV��,W�LV



��

SUREDEOH�WKDW�GLVFKDUJHV�WR�GHHSHU�VORSH�ZDWHUV�RI�WKH�*XOI�ZLOO�QRW�DFFXPXODWH�WR�D�GHSWK�RI�PRUH�WKDQ�D�IHZ
FHQWLPHWHUV�RQ�VHGLPHQWV�

6KDOORZ�ZDWHU�EHQWKLF�DQLPDOV�DUH�DEOH�WR�PLJUDWH�XSZDUG�WKURXJK�VHYHUDO�FHQWLPHWHUV�RI�VHGLPHQW�IROORZLQJ�EXULDO
�0DXUHU�HW�DO���������6PDOO�EHQWKLF�IDXQD�W\SLFDO�RI�GHHS�ZDWHU�VHGLPHQWV�FDQ�QRW�PLJUDWH�DV�IDU�DV�ODUJHU
PDFURIDXQD��'HHS�VHD�EHQWKLF�IDXQD��DFFOLPDWHG�WR�VHGLPHQWV�ZLWK�D�YHU\�ORZ�QHW�GHSRVLWLRQ�UDWH��SUREDEO\�FDQ�QRW
PLJUDWH�YHUWLFDOO\�IRU�PRUH�WKDQ�D�IHZ�FHQWLPHWHUV��%HFDXVH�RI�WKH�SDWFK\�GLVWULEXWLRQ�RI�6%)�FXWWLQJV�RQ�WKH
ERWWRP��SDUWLFXODUO\�LQ�GHHSHU�ZDWHUV��LW�LV�OLNHO\�WKDW�EXULDO�HIIHFWV�ZLOO�EH�KLJKO\�ORFDOL]HG�

�����5LVN�&KDUDFWHUL]DWLRQ

6%)�FXWWLQJV�PD\�DFFXPXODWH�WR�SRWHQWLDOO\�KDUPIXO�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�QHDU�D�GULOOLQJ�ULJ�RQ�WKH
FRQWLQHQWDO�VORSH�RI�WKH�*XOI�RI�0H[LFR�RYHU�DQ�DUHD�RI�DV�PXFK�DV��������P�����KHFWDUH��DERXW������SHUFHQW�RI�D
OHDVH�EORFN���[��PLOHV���7KH�GLVWULEXWLRQ�RI�WKH�FXWWLQJV�RQ�WKH�ERWWRP�LV�OLNHO\�WR�EH�H[WUHPHO\�SDWFK\��ZLWK�VPDOO
SDWFKHV�RI�KLJK�FRQFHQWUDWLRQV�LQWHUVSHUVHG�ZLWK�DUHDV�ZLWK�OLWWOH�RU�QR�6%)�FXWWLQJV�DFFXPXODWLRQ��:KHUH�6%)V
DFFXPXODWH�WR�FRQFHQWUDWLRQV�DERYH�DERXW������PJ�NJ��EHQWKLF�IDXQDO�FRPPXQLWLHV�DUH�OLNHO\�WR�EH�DGYHUVHO\
DIIHFWHG��SULPDULO\�E\�HIIHFWV�RI�RUJDQLF�HQULFKPHQW��6SHFLHV�VHQVLWLYH�WR�ORZ�R[\JHQ�RU�KLJK�FRQFHQWUDWLRQV�RI
VXOILGH�RU�DPPRQLD�PD\�EH�HOLPLQDWHG��7KH�QXPEHU�RI�WD[D�SUHVHQW�LQ�VXUILFLDO�VHGLPHQWV�ZLOO�GHFUHDVH��EXW�WKH
QXPEHU�RI�LQGLYLGXDOV�RI�WKH�VSHFLHV�UHPDLQLQJ�PD\�LQFUHDVH��2SSRUWXQLVWLF�VSHFLHV��QRW�SUHVHQW�LQ�EHQWKLF
FRPPXQLWLHV�LQ�QHDUE\�FOHDQ�VHGLPHQWV��PD\�FRORQL]H�WKH�FRQWDPLQDWHG�VHGLPHQWV��7KXV��EHQWKLF�SURGXFWLRQ�PD\
QRW�FKDQJH�PXFK�RU�PD\�HYHQ�LQFUHDVH��8QOHVV�,2�RU�/$2�UHDFK�YHU\�KLJK�FRQFHQWUDWLRQV�LQ�VHGLPHQWV��VHGLPHQW
UHGR[�SRWHQWLDO�LV�XQOLNHO\�WR�GURS�ORZ�HQRXJK�WR�HOLPLQDWH�DOO�WKH�EHQWKLF�PDFURIDXQD��DV�VRPHWLPHV�KDSSHQV
IROORZLQJ�2%)�GLVFKDUJHV��.LQJVWRQ��������2OVJDUG�DQG�*UD\�������

,2�DQG�/$2�WKDW�KDYH�DFFXPXODWHG�LQ�WKH�VHGLPHQWV�QHDU�WKH�ZHOO�ZLOO�ELRGHJUDGH�VORZO\��,I�HVWHUV�ZHUH�XVHG��WKH\
SUREDEO\�ZRXOG�GHJUDGH�UDSLGO\�LQ�WKH�VHGLPHQWV��DV�KDV�EHHQ�VKRZQ�IRU�VHYHUDO�VKDOORZ�ZDWHU�6%)�FXWWLQJV
GLVFKDUJH�VLWHV��6HGLPHQW�UHVXVSHQVLRQ�DQG�WUDQVSRUW�DUH�XQOLNHO\�WR�FRQWULEXWH�PXFK�WR�WKH�GHFUHDVH�LQ�WKH
FRQFHQWUDWLRQ�RI�6%)V�LQ�GHHS�ZDWHU�VHGLPHQWV��%HQWKLF�FRPPXQLWLHV�ZLOO�UHFRYHU�DV�6%)�FRQFHQWUDWLRQV�LQ
VHGLPHQWV�GHFUHDVH�DQG�VHGLPHQW�R[\JHQ�FRQFHQWUDWLRQV�LQFUHDVH��,W�LV�SUREDEOH�WKDW�ZLWKLQ�WKUHH�WR�ILYH�\HDUV�RI
FHVVDWLRQ�RI�6%)�FXWWLQJV�GLVFKDUJHV��FRQFHQWUDWLRQV�RI�6%)V�LQ�VHGLPHQWV�ZLOO�KDYH�IDOOHQ�WR�ORZ�HQRXJK�OHYHOV�DQG
R[\JHQ�FRQFHQWUDWLRQV�ZLOO�KDYH�LQFUHDVHG�HQRXJK�WKURXJKRXW�WKH�SUHYLRXVO\�DIIHFWHG�DUHD�WKDW�FRPSOHWH�UHFRYHU\
ZLOO�EH�SRVVLEOH��7KH�UDWH�RI�GHHS�ZDWHU�EHQWKLF�HFRV\VWHP�UHFRYHU\�WKHQ�ZLOO�GHSHQG�RQ�WKH�UDWH�RI�UHFUXLWPHQW�DQG
UHFRORQL]DWLRQ�E\�WKH�EHQWKLF�IDXQD�FKDUDFWHULVWLF�RI�WKH�DUHD��%HFDXVH�VRPH�VSHFLHV�RI�GHHS�ZDWHU�EHQWKLF�DQLPDOV
UHSURGXFH�DQG�JURZ�VORZO\��FRPSOHWH�UHFRYHU\�PD\�UHTXLUH�PDQ\�\HDUV��+RZHYHU��HFRORJLFDO�VXFFHVVLRQ�WRZDUG
UHFRYHU\�LV�OLNHO\�WR�EHJLQ�VKRUWO\�DIWHU�FRPSOHWLRQ�RI�FXWWLQJV�GLVFKDUJHV�DQG�EH�ZHOO�DGYDQFHG�ZLWKLQ�WKUHH�WR�ILYH
\HDUV�ZKHQ�6%)V�KDYH�GHJUDGHG�WR�ORZ�FRQFHQWUDWLRQV



��

�������5()(5(1&(6

$QQLV��0�5��������5HWHQWLRQ�RI�V\QWKHWLF�EDVHG�GULOOLQJ�PDWHULDO�RQ�FXWWLQJV�GLVFKDUJHG�WR�WKH�*XOI�RI�0H[LFR�
5HSRUW�IRU�WKH�$PHULFDQ�3HWUROHXP�,QVWLWXWH��$3,��DG�KRF�5HWHQWLRQ�RQ�&XWWLQJV�:RUN�*URXS�XQGHU�WKH
$3,�3URGXFWLRQ�(IIOXHQW�*XLGHOLQHV�7DVN�)RUFH��$PHULFDQ�3HWUROHXP�,QVWLWXWH��:DVKLQJWRQ��'&��$XJXVW
����������9DULRXV�SDJHV�

$670��$PHULFDQ�6RFLHW\�IRU�7HVWLQJ�DQG�0DWHULDOV���������6WDQGDUG�JXLGH�IRU�FRQGXFWLQJ����GD\�VWDWLF
VHGLPHQW�WR[LFLW\�WHVWV�ZLWK�PDULQH�DQG�HVWXDULQH�DPSKRSRGV��$670�(���������$PHULFDQ�6RFLHW\�IRU
7HVWLQJ�DQG�0DWHULDOV��3KLODGHOSKLD��3$�

$WODV��5�0��������3HWUROHXP�ELRGHJUDGDWLRQ�DQG�RLO�VSLOO�ELRUHPHGLDWLRQ��0DU��3ROOXW��%XOO�������������

%DNNH��7���-�6��*UD\��5�*��/LFKWHQWDOHU�DQG�.�+��3DOPRUN��������(QYLURQPHQWDO�VXUYH\V�LQ�WKH�YLFLQLW\�RI
SHWUROHXP�LQVWDOODWLRQV�RQ�WKH�1RUZHJLDQ�VKHOI��5HSRUW�IRU�������5DSSRUW��������6WDWHQV
)RUXUHQVQLQJVWLOV\Q��6)7���2VOR��1RUZD\�

%HUJH��-�$��������7KH�HIIHFW�RI�WUHDWHG�GULOO�FXWWLQJV�RQ�EHQWKLF�UHFUXLWPHQW�DQG�FRPPXQLW\�VWUXFWXUH��PDLQ�UHVXOWV
RQ�DQ�H[SHULPHQWDO�VWXG\�RQ�D�QDWXUDO�VHDEHG��3DJHV�������,Q��7KH�3K\VLFDO�DQG�%LRORJLFDO�(IIHFWV�RI
3URFHVVHG�2LO\�'ULOO�&XWWLQJV��6XPPDU\�5HSRUW���(	3�)RUXP��/RQGRQ�

%UDQGVPD��0�*��������&RPSXWHU�VLPXODWLRQV�RI�RLO�EDVHG�PXG�FXWWLQJV�GLVFKDUJHV�LQ�WKH�1RUWK�6HD��3DJHV������
,Q��7KH�3K\VLFDO�DQG�%LRORJLFDO�(IIHFWV�RI�3URFHVVHG�2LO\�'ULOO�&XWWLQJV��6XPPDU\�5HSRUW���(	3�)RUXP�
/RQGRQ�

%UDQGVPD��0�*���/�5��'DYLV��5�&��$\HUV��-U��DQG�7�&��6DXHU��-U��������$�FRPSXWHU�PRGHO�WR�SUHGLFW�WKH
VKRUW�WHUP�IDWH�RI�GULOOLQJ�GLVFKDUJHV�LQ�WKH�PDULQH�HQYLURQPHQW��3URFHHGLQJV�RI�6\PSRVLXP��5HVHDUFK�RQ
(QYLURQPHQWDO�)DWH�DQG�(IIHFWV�RI�'ULOOLQJ�)OXLGV�DQG�&XWWLQJV��-DQXDU\��������������/DNH�%XHQD�9LVWD�
)ORULGD���9ROXPH�,��SS����������

%UDQGVPD��0�*��DQG�7�&��6DXHU��-U��������7KH�22&�PRGHO��SUHGLFWLRQ�RI�VKRUW�WHUP�IDWH�RI�GULOOLQJ�PXG�LQ�WKH
RFHDQ��SDUW����PRGHO�GHVFULSWLRQ��3URFHHGLQJV�RI�006�:RUNVKRS�RQ�$Q�(YDOXDWLRQ�RI�(IIOXHQW�'LVSHUVLRQ
DQG� )DWH� 0RGHOV� IRU� 2&6� 3ODWIRUPV�� )HEUXDU\� ������ ������ 6DQWD� %DUEDUD�� &DOLIRUQLD�� 0LQHUDOV
0DQDJHPHQW�6HUYLFH��&RQWUDFW�1R��������������������SS��������

%XUNH��&�-��DQG�-�$��9HLO��������6\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV�KDYH�PDQ\�HQYLURQPHQWDO�SOXVHV��2LO�*DV�-�����������
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DV�WKRVH�RI�DQ\�KDELWDW�RQ�HDUWK��%LR�6FLHQFH������������



��

*URZFRFN��)�%���6�/��$QGUHZV�DQG�7�3��)UHGHULFN��������3K\VLFRFKHPLFDO�SURSHUWLHV�RI�V\QWKHWLF�GULOOLQJ�IOXLGV�
,$'&�63(��������3DJHV���������,Q�������,$'&�63(�'ULOOLQJ�&RQIHUHQFH��'DOODV��7;��������)HEUXDU\
������,QWHUQDWLRQDO�$VVRFLDWLRQ�RI�'ULOOLQJ�&RQWUDFWRUV�6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF���,$'&�63(��
5LFKDUGVRQ��7;�

+DUWOH\��-�3��������(QYLURQPHQWDO�PRQLWRULQJ�RI�RIIVKRUH�RLO�DQG�JDV�GULOOLQJ�GLVFKDUJHV�¤�$�FDXWLRQ�RQ�WKH�XVH�RI
EDULXP�DV�D�WUDFHU��0DU��3ROOXW��%XOO�������������

+DZNHU��'�:��DQG�'�:��&RQQHOO��������5HODWLRQVKLSV�EHWZHHQ�SDUWLWLRQ�FRHIILFLHQW��XSWDNH�UDWH�FRQVWDQW��FOHDUDQFH
UDWH�FRQVWDQW��DQG�WLPH�WR�HTXLOLEULXP�IRU�ELRDFFXPXODWLRQ��&KHPRVSKHUH���������������

+DZNHU��'�:��DQG�'�:��&RQQHOO��������%LRFRQFHQWUDWLRQ�RI�OLSRSKLOLF�FRPSRXQGV�E\�VRPH�DTXDWLF�RUJDQLVPV�
(FRWR[LFRO��(QYLURQ��6DI�������������

+LQZRRG��-�%���$�(��3RRWV��/�5��'HQQLV��-�0��&DUH\��+��+RXULGLV��5�-��%HOO��-�5��7KRPVRQ��3��%RXGUHDX�DQG�$�0�
$\OLQJ��������'ULOOLQJ�DFWLYLWLHV��3DJHV���������,Q��-�0��6ZDQ��-�0��1HII��DQG�3�&��<RXQJ��HGV��
(QYLURQPHQWDO�,PSOLFDWLRQV�RI�2IIVKRUH�2LO�DQG�*DV�'HYHORSPHQW�,Q�$XVWUDOLD�¤�)LQGLQJV�RI�DQ
,QGHSHQGHQW�6FLHQWLILF�5HYLHZ��$XVWUDOLDQ�3HWUROHXP�3URGXFWLRQ�DQG�([SORUDWLRQ�$VVRFLDWLRQ��&DQEHUUD�
$XVWUDOLD�

+XGJLQV��&�0��������&KHPLFDO�XVDJH�LQ�QRUWK�VHD�RLO�DQG�JDV�SURGXFWLRQ�DQG�H[SORUDWLRQ�RSHUDWLRQV��5HSRUW
SUHSDUHG�IRU�2OMHLQGXVWULHQV�/DQGVIRUHQLQJ��2/)���7KH�1RUZHJLDQ�2LO�,QGXVWU\�$VVRFLDWLRQ�
(QYLURQPHQW�&RPPLWWHH��6WDYDQJHU��1RUZD\�

+\ODQG��-���'��+DUGLQ��0��6WHLQKDXHU��'��&RDWV��5��*UHHQ�DQG�-��1HII��������(QYLURQPHQWDO�LPSDFW�RI�RIIVKRUH�RLO
GHYHORSPHQW�RQ�WKH�RXWHU�FRQWLQHQWDO�VKHOI�DQG�VORSH�RII�3RLQW�$UJXHOOR��&DOLIRUQLD��0DU��(QYLURQ��5HV�
�����������

,VQDUG��3��DQG�6��/DPEHUW��������(VWLPDWLQJ�ELRFRQFHQWUDWLRQ�IDFWRUV�IURP�RFWDQRO�ZDWHU�SDUWLWLRQ�FRHIILFLHQW�DQG
DTXHRXV�VROXELOLW\��&KHPRVSKHUH����������

,62���������%2'�WHVW�IRU�LQVROXEOH�VXEVWDQFHV���7ZR�SKDVH�FORVHG�ERWWOH�WHVW���,62�3URWRFRO�7&�����
6&��:*��1���

-DFTXHV��'�)���+�(��1HZPDQ��-U��DQG�:�%��7XUQEXOO��������$�FRPSDULVRQ�RI�ILHOG�GULOOLQJ�H[SHULHQFH�ZLWK�ORZ�
YLVFRVLW\�PLQHUDO�RLO�DQG�GLHVHO�PXGV��,$'&�63(��������3DJHV���������,Q�������,$'&�63(�'ULOOLQJ
&RQIHUHQFH��1HZ�2UOHDQV��/RXLVLDQD��)HEUXDU\��������������,$'&�63(�'ULOOLQJ�&RQIHUHQFH��5LFKDUGVRQ�
7;�

-RKQVHQ��6���7�,��5�H�DQG�*��'XUHOO��������'LOXWLRQ�DQG�ELRDYDLODELOLW\�RI�SURGXFHG�ZDWHU�FRPSRXQGV�LQ�WKH
QRUWKHUQ�1RUWK�6HD��$�FRPELQHG�PRGHOLQJ�DQG�ILHOG�VWXG\��63(��������,Q�������63(�,QWHUQDWLRQDO
&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG�(QYLURQPHQW�LQ�2LO�DQG�*DV�([SORUDWLRQ�DQG�3URGXFWLRQ��&DUDFDV�
9HQH]XHOD�������-XQH�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�����SS�

-RQHV��)�9���&��+RRG��DQG�*��0RLVH\FKHQNR��������,QWHUQDWLRQDO�PHWKRGV�RI�HYDOXDWLQJ�WKH�GLVFKDUJH�RI�GULOOLQJ
IOXLGV�LQ�PDULQH�HQYLURQPHQWV��63(��������,Q�������63(�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG
(QYLURQPHQW�LQ�2LO�DQG�*DV�([SORUDWLRQ�DQG�3URGXFWLRQ��&DUDFDV��9HQH]XHOD�������-XQH�������6RFLHW\�RI
3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�����SS�

-RQHV��)�9���-�+��5XVKLQJ�DQG�0�$��&KXUDQ��������7KH�FKURQLF�WR[LFLW\�RI�PLQHUDO�RLO�ZHW�DQG�V\QWKHWLF�OLTXLG�ZHW
FXWWLQJV�RQ�DQ�HVWXDULQH�ILVK��)XQGXOXV�JUDQGLV��63(��������3DJHV���������,Q��7KH�)LUVW�,QWHUQDWLRQDO
&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG�(QYLURQPHQW��7KH�+DJXH��7KH�1HWKHUODQGV��������1RYHPEHU������
6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�



��

-XPDUV��3�$��������'HHS�VHD�VSHFLHV�GLYHUVLW\��GRHV�LW�KDYH�D�FKDUDFWHULVWLF�VFDOH"�-��0DU��5HV�������������

.HQQ\��3��1RYHPEHU����������(VWHU�EDVHG�PXGV�VKRZ�SURPLVH�IRU�UHSODFLQJ�VRPH�RLO�EDVHG�PXGV��2LO�*DV�-�
���������

.LQJVWRQ��3�)��������)LHOG�HIIHFWV�RI�SODWIRUP�GLVFKDUJHV�RQ�EHQWKLF�PDFURIDXQD��3KLO��7UDQV��5R\��6RF��/RQGRQ
%������������

.LQJVWRQ��3�)��������,PSDFW�RI�RIIVKRUH�RLO�SURGXFWLRQ�LQVWDOODWLRQV�RQ�WKH�EHQWKRV�RI�WKH�1RUWK�6HD��,&(6�-��0DU�
6FL�����������

/HH��%��������7KH�XVH�RI�V\QWKHWLFV�LQ�ZHOO�GULOOLQJ�IOXLGV�IRU�WKH�RIIVKRUH�RLO�ILHOG��$PHULFDQ�&KHPLFDO
6RFLHW\��'LY���RI�)XHO�&KHPLVWU\��3UHSULQWV�RI�6\PSRWLD���������������

/HXWHUPDQ��$�-�-��������(QYLURQPHQWDO�FRQVLGHUDWLRQV�LQ�0�,�SURGXFW�GHYHORSPHQW��1RYDVRO�1RYDGULO��0�,
�'ULOOLQJ�)OXLGV�&R���+RXVWRQ��7;�

/LPLD��-�0��������6HDEHG�VXUYH\V��WKH�EHVW�PHDQV�WR�DVVHVV�WKH�HQYLURQPHQWDO�LPSDFW�RI�GULOOLQJ�IOXLG�GLVFKDUJHV"
63(��������3DJHV����������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

0DF'RQDOG��,�5��������&KHPRV\QWKHWLF�HFRV\VWHP�VWXG\�OLWHUDWXUH�UHYLHZ�DQG�GDWD�V\QWKHVLV��9ROXPHV�,�,,,��8�6�
'HSW��RI�WKH�,QWHULRU��0LQHUDOV�0DQDJHPHQW�6HUYLFH��*XOI�RI�0H[LFR�2&6�5HJLRQ��1HZ�2UOHDQV��/$��2&6
6WXG\�006���������¤���������

0DF'RQDOG��,�5��������3UHVHQWDWLRQ�DW�WKH�7KLUWHHQWK�*XOI�RI�0H[LFR�,QIRUPDWLRQ�7UDQVIHU�0HHWLQJ��8�6�
'HSW��RI�WKH�,QWHULRU��0LQHUDOV�0DQDJHPHQW�6HUYLFH��*XOI�RI�0H[LFR�2&6�5HJLRQ��1HZ�2UOHDQV��/$�

0DF'RQDOG��,�5��DQG�:�:��6FKURHGHU��������&KHPRV\QWKHWLF�HFRV\VWHP�VWXGLHVP�LQWHULP�UHSRUW��8�6��'HSW�
RI�WKH�,QWHULRU��0LQHUDOV�0DQDJHPHQW�6HUYLFH��*XOI�RI�0H[LFR�2&6�5HJLRQ��1HZ�2UOHDQV��/$��2&6
6WXG\�006��������������SS�

0DXUHU��'���5�7��.HFN��-�&��7LQVPDQ��:�$��/HDWKHP��&��:HWKH��&��/RUG�DQG�7�0��&KXUFK��������9HUWLFDO
PLJUDWLRQ�DQ�PRUWDOLW\�RI�PDULQH�EHQWKRV�LQ�GUHGJHG�PDWHULDO��D�V\QWKHVLV��,QWHUQDW��5HY��*HV�
+\GURELRO�����������

0F,OUR\��:��������5HYLHZ�RI�%+3©V�H[SHULHQFH�LQWR�WKH�SHUVLVWHQFH�RI�GULOOLQJ�IOXLGV�SROOXWDQWV��3DJHV�����
����,Q��,QWHUQDWLRQDO�:RUNVKRS�RQ�'ULOOLQJ�)OXLGV�(FRWR[LFRORJ\�DQG�%LRGHJUDGDWLRQ��&XUWLQ
8QLYHUVLW\��3HUWK��:HVWHUQ�$XVWUDOLD������2FWREHU������

0F.HH��-�'�$���.��'RZULFN��DQG�6�-��$VWOHIRUG��������$�QHZ�GHYHORSPHQW�WRZDUGV�LPSURYHG�V\QWKHWLF�EDVHG
PXG�SHUIRUPDQFH��63(�,$'&��������3DJHV���������,Q�������63(�,$'&�'ULOOLQJ�&RQIHUHQFH�
$PVWHUGDP�����)HEUXDU\���0DUFK�������63(�,$'&�'ULOOLQJ�&RQIHUHQFH��6RFLHW\�RI�3HWUROHXP
(QJLQHHUV��5LFKDUGVRQ��7;�

0HLQKROG��$�)��������)UDPHZRUN�IRU�D�FRPSDUDWLYH�HQYLURQPHQWDO�DVVHVVPHQW�RI�GULOOLQJ�IOXLGV�XVHG
RIIVKRUH��63(��������3DJHV���������,Q�������63(�(3$�([SORUDWLRQ�DQG�3URGXFWLRQ�(QYLURQPHQWDO
&RQIHUHQFH��6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

006��0LQHUDOV�0DQDJHPHQW�6HUYLFH���������*XOI�RI�0H[LFR�2&6�2LO�DQG�*DV�/HDVH�6DOHV���������������
�����DQG������&HQWUDO�3ODQQLQJ�$UHD��)LQDO�(QYLURQPHQWDO�,PSDFW�6WDWHPHQW��2&6�(,6�($�006����
������8�6��'HSW��RI�WKH�,QWHULRU��0LQHUDOV�0DQDJHPHQW�6HUYLFH��*XOI�RI�0H[LFR�2&6�5HJLRQ��1HZ
2UOHDQV��/$�

0RIIDW��&�)���3�'��0XQUR�DQG�5�0��6WDJJ��������'HYHORSPHQW�RI�D�VROLG�SKDVH�WHVW�IRU�WKH�FRPSDULVRQ�RI�WKH
ELRGHJUDGDWLRQ�UDWHV�RI�V\QWKHWLF�PXG�EDVH�IOXLGV��3DJHV�������,Q��,QWHUQDWLRQDO�:RUNVKRS�RQ�'ULOOLQJ
)OXLGV�(FRWR[LFRORJ\�DQG�%LRGHJUDGDWLRQ��:HVWHUQ�$XVWUDOLD������2FWREHU������



��

0XQUR��3�'���1�$��%URZQ��%��5RGGLH�DQG�&�)��0RIIDW������D��'HJUDGDWLRQ�RI�DQ�HVWHU�W\SH�V\QWKHWLF�PXG�EDVH�IOXLG
LQ�D�VROLG�SKDVH�WHVW�V\VWHP��HIIHFW�RI�FRQFHQWUDWLRQ�DQG�WHPSHUDWXUH��0DULQH�/DERUDWRU\��$EHUGHHQ
5HSRUW�1R���������)LVKHULHV�5HVHDUFK�6HUYLFHV��0DULQH�/DERUDWRU\��$EHUGHHQ��6FRWODQG�����SDJHV
SOXV�FKDUWV�

0XQUR��3�'���%��&URFH��&�)��0RIIDW��1�$��%URZQ��$�'��0F,QWRVK��6�-��+LUG�DQG�5�0��6WDJJ������E��6ROLG�SKDVH�WHVW
IRU�FRPSDULVRQ�RI�GHJUDGDWLRQ�UDWHV�RI�V\QWKHWLF�PXG�EDVH�IOXLGV�XVHG�LQ�WKH�RII�VKRUH�GULOOLQJ�LQGXVWU\�
(QYLURQPHQWDO�7R[LFRORJ\�DQG�&KHPLVWU\�������������������

0XQUR��3�'���&�)��0RIIDW��/��&RXSHU��1�$��%URZQ��%��&URFH��DQG�5�0��6WDJJ������D��'HJUDGDWLRQ�RI�V\QWKHWLF�PXG
EDVH�IOXLGV�LQ�D�VROLG�SKDVH�WHVW�V\VWHP��)LVKHULHV�5HVHDUFK�6HUYLFHV�5HSRUW�1R�������6FRWWLVK�2IILFH
$JULFXOWXUH��(QYLURQPHQW�DQG�)LVKHULHV�'HSDUWPHQW��0DULQH�/DERUDWRU\��$EHUGHHQ��6FRWODQG����SS�

0XQUR��3�'���&�)��0RIIDW��DQG�5�0��6WDJJ������E��%LRGHJUDGDWLRQ�RI�EDVH�IOXLGV�XVHG�LQ�V\QWKHWLF�GULOOLQJ�PXGV�LQ
D�VROLG�SKDVH�WHVW�V\VWHP��63(��������3DJHV�����,Q�������63(�8.22$�(XURSHDQ�(QYLURQPHQWDO
&RQIHUHQFH��$EHUGHHQ��6FRWODQG��������$SULO�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

0XQUR��3�'���/��:HEVWHU��1�$��%URZQ��&�)��0RIIDW��DQG�5�0��6WDJJ������F��,QYHVWLJDWLRQ�LQWR�WKH�GHJUDGDWLRQ
�RI�V\QWKHWLF�GULOOLQJ�IOXLGV�LQ�D�VROLG�SKDVH�WHVW�XVLQJ�D�FORVHG��EUDFNLVK�ZDWHU�V\VWHP��)LVKHULHV
5HVHDUFK�6HUYLFHV�5HSRUW�1R�������)LVKHULHV�5HVHDUFK�6HUYLFHV��$EHUGHHQ�����SDJHV�SOXV�ILJXUHV�

1DWLRQDO�5HVHDUFK�&RXQFLO��������'ULOOLQJ�GLVFKDUJHV�LQ�WKH�PDULQH�HQYLURQPHQW��1DWLRQDO�$FDGHP\�3UHVV�
:DVKLQJWRQ������SS�

1HII��-�0��������%LRORJLFDO�HIIHFWV�RI�GULOOLQJ�IOXLGV��GULOO�FXWWLQJV�DQG�SURGXFHG�ZDWHUV�3DJHV���������,Q��'�)�
%RHVFK�DQG�1�1��5DEDODLV��HGV���/RQJ�WHUP�(IIHFWV�2I�2IIVKRUH�2LO�$QG�*DV�'HYHORSPHQW��(OVHYLHU
$SSOLHG�6FLHQFH�3XEOLVKHUV��/RQGRQ�

1HII��-�0���0�+��%RWKQHU��1�-��0DFLROHN��DQG�-�)��*UDVVOH������D��,PSDFWV�RI�H[SORUDWRU\�GULOOLQJ�IRU�RLO�DQG�JDV�RQ
WKH�EHQWKLF�HQYLURQPHQW�RI�*HRUJHV�%DQN��0DU��(QYLURQ��5HV������������

1HII��-�0���5�-��%UHWHOHU��DQG�5�6��&DUU������E��%LRDFFXPXODWLRQ��IRRG�FKDLQ�WUDQVIHU��DQG�ELRORJLFDO�HIIHFWV�RI
EDULXP�DQG�FKURPLXP�IURP�GULOOLQJ�PXGV�E\�IORXQGHU��3VHXGRSOHXURQHFWHV�DPHULFDQXV��DQG�OREVWHU
�+RPDUXV�DPHULFDQXV���3DJHV���������,Q��)�5��(QJHOKDUGW��-�3��5D\��DQG�$�+��*LOODP��HGV��'ULOOLQJ
:DVWHV��(OVHYLHU�$SSOLHG�6FLHQFH�3XEOLVKHUV��/RQGRQ�

1HII��-�0���5�(��+LOOPDQ��DQG�-�-��:DXJK������F��%LRDFFXPXODWLRQ�RI�WUDFH�PHWDOV�IURP�GULOOLQJ�PXG�EDULWH�E\
EHQWKLF�PDULQH�DQLPDOV��3DJHV���������,Q��)�5��(QJHOKDUGW��-�3��5D\��DQG�$�+��*LOODP��HGV��'ULOOLQJ
:DVWHV��(OVHYLHU�$SSOLHG�6FLHQFH�3XEOLVKHUV��/RQGRQ�

1HII��-�0���1�1��5DEDODLV��DQG�'�)��%RHVFK��������2IIVKRUH�RLO�DQG�JDV�GHYHORSPHQW�DFWLYLWLHV�SRWHQWLDOO\�FDXVLQJ
ORQJ�WHUP�HQYLURQPHQWDO�HIIHFWV��3DJHV���������,Q��'�)�%RHVFK�DQG�1�1��5DEDODLV��HGV��/RQJ�WHUP�(IIHFWV
RI�2IIVKRUH�2LO�DQG�*DV�'HYHORSPHQW��(OVHYLHU�$SSOLHG�6FLHQFH�3XEOLVKHUV��/RQGRQ�

1HZPDQ��0�&��DQG�&�+��-DJRH��������/LJDQGV�DQG�WKH�ELRDYDLODELOLW\�RI�PHWDOV�LQ�DTXDWLF�HQYLURQPHQWV��3DJHV����
���,Q��-�/��+DPHOLQN��3�)��/DQGUXP��+�/��%HUJPDQ��DQG�:�+��%HQVRQ��(GV��%LRDYDLODELOLW\��3K\VLFDO�
&KHPLFDO��DQG�%LRORJLFDO�,QWHUDFWLRQV��/HZLV�3XEOLVKHUV��%RFD�5DWRQ��)/�

1LVKLKDUD��7���6��6DLWR��DQG�0��0DWVXR�������0HFKDQLVP�LQ�ELRFRQFHQWUDWLRQ�RI�RUJDQLF�FKHPLFDOV�LQ�ILVK�DQG�LWV
VWUXFWXUH�DFWLYLW\�UHODWLRQVKLS��-DS��-��7R[LFRO��(QYLURQ��+OWK�������������

1RUPDQ��0��������(VWHUV���WKH�RQO\�V\QWKHWLF�RSWLRQ�IRU�WKH�QH[W�PLOOHQQLXP"�3UHVHQWHG�DW�WKH��WK�,QWHUQDWLRQDO
>,%&@�&RQIHUHQFH�RI�0LQLPL]LQJ�WKH�(QYLURQPHQWDO�(IIHFWV�RI�'ULOOLQJ�2SHUDWLRQV��$EHUGHHQ�
6FRWODQG�����SS�



��

1RUZD\��������6\QWKHWLF�GULOOLQJ�IOXLGV��3URSRVDO�IRU�D�GHILQLWLRQ�RI�V\QWKHWLF�GULOOLQJ�IOXLGV�DQG�H[SHULHQFHV�RQ�WKH
1RUZHJLDQ�&RQWLQHQWDO�6KHOI��6(%$��������(��3UHVHQWHG�E\�1RUZD\�DW�WKH�2VOR�DQG�3DULV
&RQYHQWLRQV�IRU�WKH�3UHYHQWLRQ�RI�0DULQH�3ROOXWLRQ�:RUNLQJ�*URXS�RQ�6HD�%DVHG�$FWLYLWLHV��6(%$��
%LDUULW]��)UDQFH��������)HEUXDU\���������SS�

1RUZHJLDQ�2LO�,QGXVWU\�$VVRFLDWLRQ�:RUNLQJ�*URXS��������&ULWHULD�IRU�VHOHFWLRQ�DQG�DSSURYDO�RI�GULOOLQJ�IOXLGV�
ZLWK�UHVSHFW�WR�HIIHFWV�RQ�KXPDQ�ZRUNHUV�DQG�PDULQH�HFRORJLFDO�V\VWHPV��1RUZHJLDQ�2LO�,QGXVWU\
$VVRFLDWLRQ��6WDYDQJHU��1RUZD\�����SS�

2(&'��2UJDQL]DWLRQ�IRU�(FRQRPLF�&R�2SHUDWLRQ�DQG�'HYHORSPHQW���������'HWDLOHG�5HYLHZ�3DSHU�RQ
%LRGHJUDGDELOLW\�7HVWLQJ��(QYLURQPHQWDO�0RQRJUDSK�1R������2(&'�6HULHV�RQ�WKH�7HVW�*XLGHOLQHV
3URJUDPPH��1R�����2UJDQL]DWLRQ�IRU�(FRQRPLF�&R�RSHUDWLRQ�DQG�'HYHORSPHQW��3DULV�

2OVJDUG��)��DQG�-�6��*UD\��������$�FRPSUHKHQVLYH�DQDO\VLV�RI�WKH�HIIHFWV�RI�RIIVKRUH�RLO�DQG�JDV�H[SORUDWLRQ�DQG
SURGXFWLRQ�RQ�WKH�EHQWKLF�FRPPXQLWLHV�RI�WKH�1RUZHJLDQ�FRQWLQHQWDO�VKHOI��0DU��(FRO��3URJ��6HU����������
����

2SSHUKXL]HQ��$��������%LRFRQFHQWUDWLRQ�RI�K\GURSKRELF�FKHPLFDOV�LQ�ILVK��3DJHV���������,Q��7�0��3RVWRQ��DQG�5�
3XUG\��(GV���$TXDWLF�7R[LFRORJ\�DQG�(QYLURQPHQWDO�)DWH��1LQWK�9ROXPH��$670�673������$PHULFDQ
6RFLHW\�IRU�7HVWLQJ�DQG�0DWHULDOV��3KLODGHOSKLD��3$�

3DWHO��$�'��������&KRRVLQJ�WKH�ULJKW�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��GULOOLQJ�SHUIRUPDQFH�YHUVXV�HQYLURQPHQWDO
LPSDFW��63(��������3DJHV������,Q��7KH�)LUVW�63(�,QGLD�2LO�DQG�*DV�&RQIHUHQFH�DQG�([KLELWLRQ��1HZ
'HOKL��������)HEUXDU\�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

3D\QH��-�)���-��.LFHQLXN��$��5DKLPWXOD��8��:LOOLDPV��/��)DQFH\��:��0HOYLQ�DQG�5�$��$GGLVRQ�������
%LRDFFXPXODWLRQ�RI�SRO\F\FOLF�DURPDWLF�K\GURFDUERQV�LQ�IORXQGHU��3VHXGRSOHXURQHFWHV�DPHULFDQXV�
H[SRVHG�WR�RLO�EDVHG�GULOO�FXWWLQJV��3DJHV���������,Q��)�5��(QJHOKDUGW��-�3��5D\��DQG�$�+��*LOODP��HGV��
'ULOOLQJ�:DVWHV��(OVHYLHU�$SSOLHG�6FLHQFH�3XEOLVKHUV��/RQGRQ�

3HDUVRQ��7�+��DQG�5��5RVHQEHUJ��������0DFUREHQWKRV�VXFFHVVLRQ�LQ�UHODWLRQ�WR�RUJDQLF�HQULFKPHQW�DQG�SROOXWLRQ�RI
WKH�PDULQH�HQYLURQPHQW��2FHDQRJU��0DU��%LRO��$QQ��5HY��������������

3HTXHJQDW��:�(��������7KH�HFRORJLFDO�FRPPXQLWLHV�RI�WKH�FRQWLQHQWDO�VORSH�DQG�DGMDFHQW�UHJLPHV�LQ�WKH�QRUWKHUQ
*XOI�RI�0H[LFR��)LQDO�UHSRUW�WR�8�6��'HSW��RI�WKH�,QWHULRU��0LQHUDOV�0DQDJHPHQW�6HUYLFH��*XOI�RI
0H[LFR�2&6�5HJLRQ��1HZ�2UOHDQV��/$���&WUDFW�1R��$$����&7������

3KLOOLSV��1�:��DQG�%�0��-DPHV��HGV����������2IIVKRUH�7H[DV�DQG�/RXLVLDQD�PDULQH�HFRV\VWHPV�GDWD�V\QWKHVLV�
9ROXPH�,,��6\QWKHVLV�5HSRUW��2&6�6WXG\�006����������8�6��'HSW��RI�WKH�,QWHULRU��0LQHUDOV
0DQDJHPHQW�6HUYLFH��*XOI�RI�0H[LFR�2&6�2IILFH��1HZ�2UOHDQV��/$������SS�

5DENH��6�3��DQG�-�(��&DQGOHU��������5HGXFLQJ�SRWHQWLDO�VHDIORRU�LPSDFWV�IURP�V\QWKHWLF�EDVHG�PXGV�ZLWK�DFXWH
EHQWKLF�WR[LFLW\�WHVWLQJ��3UHVHQWHG�DW�WKH��WK�$QQXDO�,QWHUQDWLRQDO�3HWUROHXP�(QYLURQPHQWDO�&RQIHUHQFH�
$OEXTXHUTXH��1HZ�0H[LFR��2FWREHU�����������������SDJHV�SOXV�DSSHQGL[�DQG�FKDUWV�

5DENH��6�3��DQG�-�(��&DQGOHU��������0D[LPL]LQJ�WKH�GLVFULPLQDWRU\�SRZHU�IRU�QRQ�DTXHRXV�IOXLGV�XVLQJ
PRGLILHG�/HSWRFKHLUXV�SOXPXORVXV�VHGLPHQW�WR[LFLW\�WHVW�PHWKRG��3RVWHU��6(7$&�$QQXDO�0HHWLQJ�
3KLODGHOSKLD��3$��1RY���������������0DQXVFULSW�IURP�0�,�/�/�&��+RXVWRQ��7;�

5DENH��6�3���-��&DQGOHU�DQG�&��7ULDO��������'HYHORSPHQW�RI�DFXWH�EHQWKLF�WR[LFLW\�WHVWLQJ�IRU�PRQLWRULQJ�V\QWKHWLF�
EDVHG�PXGV�GLVFKDUJHG�RIIVKRUH��3UHVHQWHG�DW�WKH�,%&�&RQIHUHQFH�RQ�0RQLWRULQJ�WKH�(QYLURQPHQWDO
(IIHFWV�RI�2IIVKRUH�'ULOOLQJ��+RXVWRQ��7;�����SS�

5H[��0�$��������*HRJUDSKLF�SDWWHUQV�RI�VSHFLHV�GLYHUVLW\�LQ�GHHS�VHD�EHQWKRV��3DJHV���������,Q��*�7��5RZH��HG��
'HHS�6HD�%LRORJ\��-RKQ�:LOH\�	�6RQ��1HZ�<RUN�



��

5XVKLQJ��-�+���0�$��&KXUDQ�DQG�)�9��-RQHV��������%LRDFFXPXODWLRQ�IURP�PLQHUDO�RLO�ZHW�DQG�V\QWKHWLF�OLTXLG�ZHW
FXWWLQJV�LQ�DQ�HVWXDULQH�ILVK��)XQGXOXV�JUDQGLV��63(��������3DJHV���������,Q��7KH�)LUVW�,QWHUQDWLRQDO
&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG�(QYLURQPHQW��7KH�+DJXH��7KH�1HWKHUODQGV��������1RYHPEHU������
6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

5\H��+���7��1RUGWXJ��$��7RELHVHQ�DQG�$���VWHRU�W��������'ULOOLQJ�DQG�ZHOO�FKHPLFDOV�DQG�WKHLU�HQYLURQPHQWDO
LPSDFWV��$�VXUYH\�RI�DPRXQWV��HFRWR[LFRORJLFDO�SURSHUWLHV��GLVSHUVLRQ�DQG�LPSDFWV�LQ�WKH�PDULQH
HQYLURQPHQW��3DSHU�LQ�¦&KHPLVWU\�LQ�WKH�2LO�,QGXVWU\�§��WK�,QWHUQDWLRQDO�6\PSRVLXP��$PEOHVLGH��WKH
/DNH�'LVWULFW��8.��������$SULO��������7KH�5R\DO�6RFLHW\�RI�&KHPLVWU\��8.��/RQGRQ�����SS�

6FKDDQQLQJ��0�7������D��%LRGHJUDGDWLRQ�RI�8OWLGULO�EDVH�IOXLG�DQG�GULOOLQJ�PXG�RQ�FXWWLQJV�GHSRVLWHG�LQ
EHQWKLF�FKDPEHUV��1RUZHJLDQ�,QVWLWXWH�IRU�:DWHU�5HVHDUFK��1,9$�5HSRUW����������2VOR��1RUZD\�
0DUFK����������

6FKDDQQLQJ��0�7������E��(YDOXDWLRQ�RI�RYHUDOO�PDULQH�LPSDFW�RI�WKH�1RYDGULO�PXG�V\VWHPV��1,9$�5HSRUW
���������1RUZHJLDQ�,QVWLWXWH�IRU�:DWHU�5HVHDUFK��2VOR��1RUZD\�

6FKDDQQLQJ��0�7��������(QYLURQPHQWDO�IDWH�RI�V\QWKHWLF�GULOOLQJ�IOXLGV�IURP�RIIVKRUH�GULOOLQJ�RSHUDWLRQV�
1,9$�UDSSRUW�QU�����������1RUZHJLDQ�,QVWLWXWH�IRU�:DWHU�5HVHDUFK��2VOR��1RUZD\� ��

6FKDDQQLQJ��0���.��+\OODQG��5��/LFKWHQWKDOHU�DQG�%��5\JJ��������%LRGHJUDGDWLRQ�RI�$QFR�*UHHQ�DQG�1RYDSOXV
GULOOLQJ�PXGV�RQ�FXWWLQJV�GHSRVLWHG�LQ�EHQWKLF�FKDPEHUV��5HSRUW�612����������1RUZHJLDQ�,QVWLWXWH�IRU
:DWHU�5HVHDUFK��2VOR��1RUZD\�����SDJHV�SOXV�DSSHQGL[�

6FKDDQQLQJ��0���5��/LFKWHQKDOHU�DQG�%��5\JJ��������%LRGHJUDGDWLRQ�RI�HVWHUV�DQG�ROHILQV�LQ�GULOOLQJ�PXG�GHSRVLWHG
RQ�$UFWLF�VRIW�ERWWRP�FRPPXQLWLHV�LQ�D�ORZ�WHPSHUDWXUH�PHVRFRVP��5HSRUW�612����������1RUZHJLDQ
,QVWLWXWH�IRU�:DWHU�5HVHDUFK��2VOR��1RUZD\�����SDJHV�SOXV�DSSHQGLFHV�

6FKHUUHU��3��DQG�*��0LOOH��������%LRGHJUDGDWLRQ�RI�FUXGH�RLO�LQ�DQ�H[SHULPHQWDOO\�SROOXWHG�SHDW\�PDQJURYH�VRLO�
0DU��3ROOXW��%XOO�������������

6FK��UPDQQ��*��DQG�:��.OHLQ��������$GYDQFHV�LQ�ELRFRQFHQWUDWLRQ�SUHGLFWLRQ��&KHPRVSKHUH���������������

6ODWHU��0���0�+��+LOOH��DQG�$��0ROYHUVP\U��������&RPPRQO\�XVHG�ELRGHJUDGDWLRQ�WHFKQLTXHV�IRU�GULOOLQJ�IOXLG
FKHPLFDOV��DUH�WKH\�DSSURSULDWH"�63(�,$'&��������3DJHV���������,Q�������63(�,$'&�'ULOOLQJ
&RQIHUHQFH��$PVWHUGDP�����)HEUXDU\���0DUFK�������63(�,$'&�'ULOOLQJ�&RQIHUHQFH��5LFKDUGVRQ��7;�

6PLWK��-��DQG�*��+REEV��������8OD�ZHOOVLWH��������HQYLURQPHQWDO�VXUYH\�������5HSRUW�)6&�5&��������)LHOG
6WXGLHV�&RXQFLO�5HVHDUFK�&HQWUH��8.�

6PLWK��-��DQG�6�-��0D\��������8OD�ZHOOVLWH��������HQYLURQPHQWDO�VXUYH\�������5HSRUW�)6&�5&��������)LHOG
6WXGLHV�&RXQFLO�5HVHDUFK�&HQWUH��8.�

6PLWK��-��DQG�-�-��0RRUH��������8OD�ZHOOVLWH��������HQYLURQPHQWDO�VXUYH\��0D\�������5HSRUW�)6&�5&�������
)LHOG�6WXGLHV�&RXQFLO�5HVHDUFK�&HQWUH��8.�

6WDJJ��5�0���%��&URFH��$�'��0F,QWRVK��&��0RIIDW�DQG�6��+LUG��������%LRGHJUDGDWLRQ�RI�EDVH�RLOV�XVHG�LQ�V\QWKHWLF
GULOOLQJ�PXGV�LQ�DQ�H[SHULPHQWDO�VROLG�SKDVH�VHGLPHQW�V\VWHP��)LVKHULHV�5HVHDUFK�6HUYLFHV�5HSRUW�1R������
6FRWWLVK�2IILFH�$JULFXOWXUH��(QYLURQPHQW�DQG�)LVKHULHV�'HSDUWPHQW��0DULQH�/DERUDWRU\��$EHUGHHQ�����SS�

6WDJJ��5�0��DQG�$��0F,QWRVK��������7KH�HIIHFWV�RI�GULOO�FXWWLQJV�RQ�WKH�GDE��/LPDQGD�OLPDQGD���3DJHV��������,Q�
7KH�3K\VLFDO�DQG�%LRORJLFDO�(IIHFWV�RI�3URFHVVHG�2LO\�'ULOO�&XWWLQJV��(	3�)RUXP�5HSRUW�1R�
����������(	3�)RUXP��/RQGRQ��$SULO������

6WHEHU��-���&�3��+HUROG�+��.*D$��DQG�-�0��/LPLD��������6ROYLQJ�IOXLG�ELRGHJUD�GDWLRQ�LQ�VHDEHG�GULOO�FXWWLQJV�SLOH�
�2IIVKRUH��������



��

6WHEHU��-��&�3��+HUROG�DQG�-�0��/LPLD��������&RPSDUDWLYH�HYDOXDWLRQ�RI�DQDHURELF�ELRGHJUDGDELOLW\�RI
K\GURFDUERQV�DQG�IDWW\�GHULYDWLYHV�FXUUHQWO\�XVHG�DV�GULOOLQJ�IOXLGV��&KHPRVSKHUH������������������

6WLOO��,��DQG�-��&DQGOHU��������%HQWKLF�WR[LFLW\�WHVWLQJ�RI�RLO�EDVHG�DQG�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��,Q��(LJKWK
,QWHUQDWLRQDO�6\PSRVLXP�RQ�7R[LFLW\�$VVHVVPHQW��3HUWK��:HVWHUQ�$XVWUDOLD��0D\�������

6XWHU��*�:��,,��������(FRORJLFDO�ULVN�DVVHVVPHQW��/HZLV�3UHVV��%RFD�5DWRQ��)/������SS�

6XWHU��*�:��,,�DQG�$�(��5RVHQ��������&RPSDUDWLYH�WR[LFRORJ\�IRU�ULVN�DVVHVVPHQW�RI�PDULQH�ILVKHV�DQG�FUXVWDFHDQV�
(QYLURQ��6FL��7HFKQRO�������������

7HUUHQV��*�:���'��*Z\WKHU��0�-��.HRXJK�DQG�5�'��7DLW��������(QYLURQPHQWDO�DVVHVVPHQW�RI�V\QWKHWLF�EDVHG
GULOOLQJ�PXG�GLVFKDUJHV�WR�%DVV�6WUDLW��$XVWUDOLD��63(��������3DJHV������,Q�������63(�,QWHUQDWLRQDO
&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG�(QYLURQPHQW�LQ�2LO�DQG�*DV�([SORUDWLRQ�DQG�3URGXFWLRQ��&DUDFDV�
9HQH]XHOD�������-XQH�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

7KRPDQQ��5�9��������%LRDFFXPXODWLRQ�PRGHO�RI�RUJDQLF�FKHPLFDO�GLVWULEXWLRQ�LQ�DTXDWLF�IRRG�FKDLQV��(QYLURQ�6FL�
7HFKQRO�������������

8QLWHG�.LQJGRP�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ�DQG�8QLWHG�.LQJGRP�'HSDUWPHQW�RI�7UDGH�DQG�,QGXVWU\�
������6\QRSVLV�RI�UHYLHZ�RI�GULOO�FXWWLQJV�SLOHV�RQ�WKH�8QLWHG�.LQJGRP�&RQWLQHQWDO�6KHOI��$JHQGD
,WHP����6(%$��������(��3UHVHQWHG�E\�WKH�8QLWHG�.LQJGRP�DW�WKH�2VOR�DQG�3DULV�&RQYHQWLRQV�IRU�WKH
3UHYHQWLRQ�RI�0DULQH�3ROOXWLRQ�:RUNLQJ�*URXS�RQ�6HD�%DVHG�$FWLYLWLHV��6(%$���%LDUULW]��)UDQFH�����
���)HEUXDU\���������SS�

9HLO��-�$���&�-��%XUNH�DQG�'�2��0RVHV��������6\QWKHWLF�EDVHG�PXGV�FDQ�LPSURYH�GULOOLQJ�HIILFLHQF\�ZLWKRXW
SROOXWLQJ��2LO�	�*DV�-RXUQDO���������������

9HLO��-�$��DQG�-�0��'DO\��������,QQRYDWLYH�UHJXODWRU\�DSSURDFK�IRU�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��63(��������,Q�
�����63(�(3$�([SORUDWLRQ�DQG�3URGXFWLRQ�(QYLURQPHQWDO�&RQIHUHQFH��$XVWLQ��7;�����)HEUXDU\��
0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;����SS�

9HLO��-�$���-�0��'DO\�DQG�1��-RKQVRQ��������(3$�VSHHGV�UHJV�IRU�RIIVKRUH�V\QWKHWLF�EDVHG�PXG��2LO�DQG
�*DV�-RXUQDO����������������

9LN��(�$���6��'HPSVH\�DQG�%�6��1HVJDUG������D��(YDOXDWLRQ�RI�DYDLODEOH�WHVW�UHVXOWV�IURP�HQYLURQPHQWDO�VWXGLHV�RI
V\QWKHWLF�EDVHG�GULOOLQJ�PXGV��9HUVLRQ����$TXDWHDP�5HSRUW�1XPEHU����������2/)�3URMHFW��$FFHSWDQFH
&ULWHULD�IRU�'ULOOLQJ�)OXLGV��$TXDWHDP�1RUZHJLDQ�:DWHU�7HFKQRORJ\�&HQWUH�$�6��2VOR��1RUZD\������SS�

9LN��(�$���%�6��1HVJDUG��-�'��%HUJ��6�0��'HPSVH\��'�5��-RKQVRQ��/��*DZHO�DQG�(��'DOODQG������E��)DFWRUV
DIIHFWLQJ�PHWKRGV�IRU�ELRGHJUDGDWLRQ�WHVWLQJ�RI�GULOOLQJ�IOXLGV�IRU�PDULQH�GLVFKDUJH��63(��������3DJHV�����
����,Q��,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+HDOWK��6DIHW\�	�(QYLURQPHQW��1HZ�2UOHDQV��/RXLVLDQD�������-XQH
������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

=HYDOORV��0�$�/���-��&DQGOHU��-�+��:RRG�DQG�/�0��5HXWHU��������6\QWKHWLF�EDVHG�IOXLGV�HQKDQFH�HQYLURQPHQWDO�DQG
GULOOLQJ�SHUIRUPDQFH�LQ�GHHSZDWHU�ORFDWLRQV��63(��������3DJHV���������,Q��63(�,QWHUQDWLRQDO�3HWUROHXP
&RQIHUHQFH�	�([KLELWLRQ�RI�0H[LFR��9LOODKHUPRVD��7DEDVFR��0H[LFR������0DUFK�������6RFLHW\�RI
3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�



��
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$QQLV��0�5��5HWHQWLRQ�RI�V\QWKHWLF�EDVHG�GULOOLQJ�PDWHULDO�RQ�FXWWLQJV�GLVFKDUJHG�WR�WKH�*XOI�RI�0H[LFR�
5HSRUW�IRU�WKH�$PHULFDQ�3HWUROHXP�,QVWLWXWH��$3,��DG�KRF�5HWHQWLRQ�RQ�&XWWLQJV�:RUN�*URXS�XQGHU
WKH�$3,�3URGXFWLRQ�(IIOXHQW�*XLGHOLQHV�7DVN�)RUFH��$PHULFDQ�3HWUROHXP�,QVWLWXWH��:DVKLQJWRQ��'&�
$XJXVW�����������9DULRXV�SDJHV�

$EVWUDFW��7KH�SXUSRVH�RI�WKLV�VWXG\�LV�WR�JDWKHU�DQG�DQDO\]H�GDWD�IURP�*XOI�RI�0H[LFR�ZHOOV�RQ�WKH�DPRXQW�RI
V\QWKHWLF�EDVHG�GULOOLQJ�PDWHULDO�UHWDLQHG�RQ�GULOO�FXWWLQJV��JHRORJLF�IRUPDWLRQ����$�TXDQWLW\�RI�GULOOLQJ�IOXLG�DGKHUHV
WR�GULOO�FXWWLQJV�WKDW�KDYH�EHHQ�VHSDUDWHG�DQG�GLVFKDUJHG�IURP�D�PXG�V\VWHP��'DWD�IURP����ZHOOV�GULOOHG�LQ�WKH�*XOI
RI�0H[LFR�XVLQJ�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV�ZHUH�FRPSLOHG�WR�H[DPLQH�GDWD�RQ�WKH�UHWHQWLRQ�RI�V\QWKHWLF�EDVHG
GULOOLQJ�PDWHULDO�RQ�FXWWLQJV�WKDW�ZHUH�GLVFKDUJHG��7KH�FRPSLOHG�GDWD�\LHOGHG�����LQGLYLGXDO�GDWD�SRLQWV��3RO\�DOSKD
ROHILQ��3$2��DQG�LQWHUQDO�ROHILQ��,2��ZHUH�WKH�WZR�V\QWKHWLF�EDVHG�GULOOLQJ�PDWHULDOV�IRU�ZKLFK�GDWD�ZHUH�DYDLODEOH�
2Q�DYHUDJH��WKH�V\QWKHWLF�EDVHG�GULOOLQJ�PDWHULDO��RU�EDVH�PDWHULDO��FRPSULVHG�������E\�ZHLJKW�RI�WKH�GLVFKDUJH
VWUHDP��ZHW�ZHLJKW��ZLWK�D�VWDQGDUG�GHYLDWLRQ�RI������2Q�DYHUDJH��������RI�3$2�DQG������RI�,2�DUH�UHWDLQHG�RQ
FXWWLQJV�IROORZLQJ�ZDVKLQJ�

$YDQWL�&RUSRUDWLRQ��������%LRDFFXPXODWLRQ�RI�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��5HSRUW�IRU�8�6��(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\�2IILFH�RI�6FLHQFH�DQG�7HFKQRORJ\��:DVKLQJWRQ��'&��&RQWUDFW����&��������$YDQWL
&RUSRUDWLRQ��$QQDQGDOH��9$�����SS�

$EVWUDFW���7KH�DYDLODEOH�VFLHQWLILF�OLWHUDWXUH�RQ�SRVVLEOH�ELRDFFXPXODWLRQ�RI�EDVH�RLOV�IURP�V\QWKHWLF�EDVHG�GULOOLQJ
IOXLGV�ZDV�UHYLHZHG��2FWDQRO�ZDWHU�SDUWLWLRQ�FRHIILFLHQWV�ZHUH�XVHG�DV�DQ�LQGLFDWLRQ�RI�ELRDFFXPXODWLRQ�SRWHQWLDO�
3RO\DOSKD�ROHILQV�DQG�LQWHUQDO�ROHILQV�KDYH�ORJ�3RZ�RI������WR�������LQGLFDWLQJ�KLJK�K\GURSKRELFLW\�DQG�ORZ�DTXHRXV
VROXELOLW\��+LJK�ORJ�3RZ�FKHPLFDOV�GR�QRW�ELRDFFXPXODWH�HIILFLHQWO\��LI�DW�DOO��(VWHUV�KDYH�D�ORJ�3RZ�RI�������DQG�FRXOG
VKRZ�YHU\�OLPLWHG�ELRDFFXPXODWLRQ��$����GD\�XSWDNH�����GD\�GHSXUDWLRQ�WHVW�\LHOGHG�D�ORJ�ELRFRQFHQWUDWLRQ�IDFWRU
�%&)��IRU�DQ�LQWHUQDO�ROHILQ�RI��������&���IRUPV��RU�������&���IRUPV���%LRDFFXPXODWLRQ�RI�SRO\DOSKD�ROHILQV�FRXOG�QRW
EH�GHPRQVWUDWHG�

$YDQWL�&RUSRUDWLRQ��������%LRGHJUDGDELOLW\�RI�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��5HSRUW�IRU�8�6��(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\��2IILFH�RI�6FLHQFH�DQG�7HFKQRORJ\��:DVKLQJWRQ��'&��&RQWUDFW����&��������$YDQWL
&RUSRUDWLRQ��$QQDQGDOH��9$�����SS�

$EVWUDFW��7KH�ILQGLQJV�RI�ILHOG�VWXGLHV�WKDW�KDYH�EHHQ�FRQGXFWHG�RQ�GLHVHO�DQG�PLQHUDO�RLOV��DQG�WKH�OLPLWHG�GDWD
IURP�ILHOG�VWXGLHV�RI�V\QWKHWLF�IOXLGV��VKRZ�WKDW�WKH�PDMRU�LPSDFW�RI�V\QWKHWLF�IOXLGV�DV�GULOOLQJ�IOXLG�FRPSRQHQWV
DGKHUHQW�WR�GLVFKDUJHG�FXWWLQJV�ZLOO�EH�RUJDQLF�HQULFKPHQW��7KLV�FRQFOXVLRQ�VXJJHVWV�WKDW��RWKHU�WKDQ�WKH�VLPSOH
TXDQWLW\�RI�PDWHULDO�GLVFKDUJHG��WKH�ELRGHJUDGDELOLW\�RI�WKHVH�PDWHULDOV�LV�WKH�VLQJOH�PRVW�LPSRUWDQW�IDFWRU�LQ
DVVHVVLQJ�WKHLU�SRWHQWLDO�HQYLURQPHQWDO�IDWH�DQG�HIIHFWV��0HWKRGV�IRU�PHDVXULQJ�ELRGHJUDGDWLRQ�RI�V\QWKHWLF�GULOOLQJ
IOXLGV�JLYH�KLJKO\�YDULDEOH�UHVXOWV��DQG�DUH�QRW�UHOHYDQW�WR�WKH�FRQGLWLRQV�XQGHU�ZKLFK�GLVFKDUJHG�PDWHULDOV�ZLOO�EH
IRXQG��L�H���D�ODUJHO\�DQR[LF��PDULQH�VHGLPHQW�PDWUL[���6HDEHG�VLPXODWLRQ�SURWRFROV�PRVW�FORVHO\�PLPLF�UHFHLYLQJ
ZDWHU�FRQGLWLRQV��7KH�PRVW�LPSRUWDQW�ELRGHJUDGDWLRQ�GDWD�DSSHDU�WR�EH�WKRVH�WKDW�FDQ�EH�REWDLQHG�IURP�IXUWKHU�ILHOG
VWXGLHV�

$YDQWL�&RUSRUDWLRQ��������6HDEHG�VXUYH\�UHYLHZ�DQG�VXPPDU\��5HSRUW�IRU�8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��2IILFH�RI�6FLHQFH�DQG�7HFKQRORJ\��:DVKLQJWRQ��'&��(3$�&RQWUDFW����&��������$YDQWL
&RUSRUDWLRQ��$QQDQGDOH��9$�����SS�

$EVWUDFW���)LHOG�VWXGLHV�RI�IDWHV�DQG�HIIHFWV�RI�:%0�DQG�6%0�ZHUH�UHYLHZHG��7KHUH�LV�OLWWOH�LQIRUPDWLRQ�XSRQ�ZKLFK
WR�EDVH�DQ\�EURDG�FRQFOXVLRQV�DERXW�WKH�SRWHQWLDO�H[WHQW�RI�LPSDFWV�IURP�6%0��,W�DSSHDUV�WKDW�WKH�DUHD�RI�ELRORJLFDO
LPSDFWV�PD\�UDQJH�IURP�DV�OLWWOH�DV����P�WR�DV�PXFK�DV�����P�IURP�WKH�SODWIRUP�VKRUWO\�DIWHU�GLVFKDUJHV�FHDVH�WR�DV
PXFK�DV�����P�D�\HDU�ODWHU��(VWHU�6%0V�DSSHDU�WR�EH�PRUH�UHDGLO\�ELRGHJUDGHG�LQ�1RUWK�6HD�VWXGLHV�WKDQ�HWKHU
6%0��WKH�*XOI�RI�0H[LFR�VWXG\�VXJJHVWV�3$2�DOVR�DUH�OHVV�ELRGHJUDGDEOH�WKDQ�HVWHU�6%0��$OVR��DOWKRXJK�HVWHUV
DSSHDU�WR�EH�UHDGLO\�ELRGHJUDGHG��RQH�VWXG\�LQGLFDWHV�WKH�SHUVLVWHQFH�RI�XQFKDUDFWHUL]HG��PLQRU��LPSDFWV�RQ



��

EHQWKRV�DIWHU�6%0�OHYHOV�KDYH�IDOOHQ�WR�UHIHUHQFH�OHYHOV��7KHVH�OLPLWHG�GDWD��KRZHYHU��DUH�QRW�HQWLUHO\�DGHTXDWH�DV�D
EDVLV�IRU�DQ\�UHOLDEOH�SURMHFWLRQV�FRQFHUQLQJ�WKH�SRWHQWLDO�QDWXUH�DQG�H[WHQW�RI�LPSDFWV�IURP�GLVFKDUJHV�RI�6%0�
%DVHG�RQ�EDVLF�6%0�DQG�PDULQH�VHGLPHQW�FKHPLVWU\��WKH�OHYHO�RI�QXWULHQW�HQULFKPHQW�IURP�WKHVH�PDWHULDOV��DQG�WKH
HQVXLQJ�GHYHORSPHQW�RI�EHQWKLF�DQR[LD��UHVXOWDQW�DGYHUVH�EHQWKLF�FRPPXQLW\�LPSDFWV�DUH�H[SHFWHG��7KH�H[WHQW�DQG
GXUDWLRQ�RI�WKHVH�LPSDFWV�DUH�PXFK�PRUH�VSHFXODWLYH��6HYHUH�HIIHFWV�VHHP�OLNHO\�ZLWKLQ�����P�RI�WKH�GLVFKDUJH�
LPSDFWV�DV�IDU�DV�����P�KDYH�EHHQ�GHPRQVWUDWHG��7KH�LQLWLDWLRQ�RI�EHQWKLF�UHFRYHU\�VHHPV�OLNHO\�ZLWKLQ�D�\HDU�
DOWKRXJK�LW�DOVR�VHHPV�XQOLNHO\�WKDW�LW�ZLOO�EH�FRPSOHWH�ZLWKLQ�RQH�\HDU��7KH�UHODWLYH�LPSDFWV�RI�WKH�YDULRXV�W\SHV�RI
6%0�LV�FRPSOHWHO\�VSHFXODWLYH�JLYHQ�WKH�KLJKO\�OLPLWHG�PDULQH�VHGLPHQW�DSSOLFDELOLW\�RI�DYDLODEOH�ODERUDWRU\
PHWKRGV�IRU�DVVHVVLQJ�ELRGHJUDGDELOLW\�DQG�WKH�SDXFLW\�RI�ILHOG�GDWD�IRU�ODERUDWRU\�ILHOG�FRUUHODWLRQV�

%ODQFKHW��'���$��$XGLEHUW�DQG�-�)��$UJLOOLHU��������$QDHURELF�ELRGHJUDGDELOLW\�RI�RLO�EDVH�IOXLG�IRU�LQYHUW�HPXOVLRQ
GULOOLQJ�IOXLGV��,$'&�63(��������3DJHV���������,Q�������,$'&�63(�'ULOOLQJ�&RQIHUHQFH��'DOODV��7;�����
0DUFK�������,$'&�63(�'ULOOLQJ�&RQIHUHQFH��5LFKDUGVRQ��7;�

$EVWUDFW��(QYLURQPHQWDO�OHJLVODWLRQ�UHVWULFWV�WKH�XVH�RI�RLO�EDVHG�PXGV��HVSHFLDOO\�LQ�WKH�1RUWK�6HD��LQFOXGLQJ�WKHLU
GLVFKDUJH�LQ�WKH�IRUP�RI�RLO\�FXWWLQJV��'LIIHUHQW�V\QWKHWLF�EDVHG�PXGV��6%0��DUH�SURSRVHG�IRU�UHSODFLQJ�UHILQHG�RLOV

GDWD�H[LVW�FRQFHUQLQJ�WKHLU�ELRGHJUDGDELOLW\�XQGHU�DHURELF�RU�DQDHURELF�FRQGLWLRQV��%RWK�FRQGLWLRQV�DUH
UHSUHVHQWDWLYH�RI�RIIVKRUH�GULOOLQJ�DFWLYLWLHV�VLQFH�WKH�RLO�SUHVHQW�LQ�WKH�FXWWLQJV�GHSRVLWHG�RQ�WKH�VHDEHG�FDQ�EH
GHJUDGHG�RQ�WKH�VXUIDFH�WKURXJK�DQ�R[\JHQ�GHSHQGHQW�SURFHVV�DQG�LQ�WKH�FHQWHU�RI�WKH�SLOH�WKURXJK�DQDHURELF
SURFHVV��)RU�H[DPLQDWLRQ�RI�WKH�HDV\�DQG�XOWLPDWH�DQDHURELF�ELRGHJUDGDELOLW\��WKH�(&(72&�VFUHHQLQJ�WHVW�LV
JHQHUDOO\�HPSOR\HG��7KLV�SURFHGXUH�ZDV�KHUH�LPSURYHG�WR�HYDOXDWH�WKH�YDULDELOLW\�GXH�WR�WKH�GLJHVWHU�VOXGJH��7KH
GLVDSSHDUDQFH�RI�WKH�LQLWLDO�VXEVWUDWH�LV�HYDOXDWHG�E\�JDV�FKURPDWRJUDSK\�DQDO\VLV�WKDW�JLYHV�LQIRUPDWLRQ�RQ�WKH
DOWHUDWLRQ�RI�WKH�EDVH�RLO�FKHPLFDO�VWUXFWXUH��7KH�SRWHQWLDO�IRU�DQDHURELF�ELRGHJUDGDELOLW\�RI�DQ�ROHLF�DFLG�HVWHU�LV

���&����DQG�IUXFWRVH�XVHG�DV�D�UHIHUHQFH�VXEVWUDWH��$�VXEVWDQWLDO�ELRGHJUDGDWLRQ�RI�WKH
ROHLF�DFLG�HVWHU�LV�REVHUYHG��PRUH�WKDQ�����RI�XOWLPDWH�ELRGHJUDGDWLRQ�WR�&2��DQG�&+��DQG�WRWDO�SULPDU\
ELRGHJUDGDELOLW\�ZLWK�QR�DFFXPXODWLRQ�RI�WKH�FRUUHVSRQGLQJ�IDWW\�DFLGV��7KLV�DWWHVWV�WKH�HDV\�DQDHURELF

SUHVVXUH�HYROXWLRQ�DQG�ORZ�&+��SURGXFWLRQ�FRQILUPLQJ�WKH�SRRU�DQDHURELF�ELRGHJUDGDELOLW\�RI�WKLV�W\SH�RI
FRPSRXQGV�

%RGHSXGL��9���-�0��:LOVRQ�DQG�$��3DWHO��������'ULOOLQJ�IOXLG�W\SH�DIIHFWV�HODVWRPHU�VHOHFWLRQ��2LO�DQG�*DV�-RXUQDO�
�������������

$EVWUDFW��7KH�DXWKRUV�GLVFXVV�WKH�LQWHUDFWLRQV�RI�6%0V�ZLWK�HODVWRPHUV�XVHG�LQ�GULOOLQJ�DQG�LGHQWLI\�IDFWRUV�WR
FRQVLGHU�LQ�HYDOXDWLQJ�WKH�FRPSDWLELOLW\�RI�GLIIHUHQW�6%0V�DQG�HODVWRPHUV��6%0V�DUH�VHOHFWHG�EDVHG�RQ�WR[LFLW\�
ELRGHJUDGDELOLW\��WKHUPDO�VWDELOLW\��YLVFRVLW\��FRVW��UHTXLUHG�SHUIRUPDQFH��DQG�W\SH�RI�DSSOLFDWLRQ��6%0V�FDQ�DOWHU
SURSHUWLHV�RI�HODVWRPHUV�XVHG�LQ�GRZQ�KROH�WRROV��(ODVWRPHUV�WR�EH�XVHG�LQ�ZHOOV�GULOOHG�ZLWK�6%0V�VKRXOG�EH
HYDOXDWHG�IRU�WKHLU�FRPSDWLELOLW\�ZLWK�WKH�PXG�

%XUNH��&�-��DQG�-�$��9HLO��������3RWHQWLDO�HQYLURQPHQWDO�EHQHILWV�IURP�UHJXODWRU\�FRQVLGHUDWLRQ�RI�V\QWKHWLF
GULOOLQJ�PXGV��$1/�($'�70�����(QYLURQPHQWDO�$VVHVVPHQW�'LYLVLRQ��$UJRQQH�1DWLRQDO�/DERUDWRU\
XQGHU�&RQWUDFW�ZLWK�WKH�'HSDUWPHQW�RI�(QHUJ\�����SS�

$EVWUDFW��:KHQ�GULOOLQJ�H[SORUDWLRQ�DQG�SURGXFWLRQ�ZHOOV�IRU�RLO�DQG�JDV��GULOOHUV�XVH�VSHFLDOL]HG�GULOOLQJ�IOXLGV�
UHIHUUHG�WR�DV��PXGV���WR�KHOS�PDLQWDLQ�ZHOO�FRQWURO�DQG�WR�UHPRYH�GULOO�FXWWLQJV�IURP�WKH�KROH��+LVWRULFDOO\��HLWKHU
ZDWHU�EDVHG�PXGV��:%0V��RU�RLO�EDVHG�PXGV��2%0V��KDYH�EHHQ�XVHG�IRU�RIIVKRUH�ZHOOV��5HFHQWO\��LQ�UHVSRQVH�WR
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��(3$��UHJXODWLRQV�DQG�GULOOLQJ�ZDVWH�GLVFKDUJH�UHTXLUHPHQWV�LPSRVHG�E\
1RUWK�6HD�QDWLRQV��WKH�GULOOLQJ�LQGXVWU\�KDV�GHYHORSHG�VHYHUDO�W\SHV�RI�V\QWKHWLF�EDVHG�PXGV��6%0V��WKDW�FRPELQH
WKH�GHVLUDEOH�RSHUDWLQJ�TXDOLWLHV�RI�2%0V�ZLWK�WKH�ORZHU�WR[LFLW\�DQG�HQYLURQPHQWDO�LPSDFW�TXDOLWLHV�RI�:%0V��7KLV
UHSRUW�GHVFULEHV�WKH�RSHUDWLRQDO��HQYLURQPHQWDO��DQG�HFRQRPLF�IHDWXUHV�RI�DOO�WKUHH�W\SHV�RI�PXGV�DQG�GLVFXVVHV
SRWHQWLDO�(3$�UHJXODWRU\�EDUULHUV�WR�ZLGHU�XVH�RI�6%0V�

as the base fluid. These are low toxicity mineral oils, poly or mono • • olefins, acetals, and esters. Controversial 

compared to an • olefin (C 

biodegradability of the oleic acid ester. In the same conditions, the test performed with the • olefin presents a low-
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%XUNH��&�-��DQG�-�$��9HLO��������6\QWKHWLF�GULOOLQJ�PXGV��HQYLURQPHQWDO�JDLQ�GHVHUYHV�UHJXODWRU\�FRQILUPDWLRQ�
63(��������3DJHV���������,Q��63(�(3$�([SORUDWLRQ�	�3URGXFWLRQ�(QYLURQPHQW�&RQIHUHQFH�
+RXVWRQ��7;��������0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��(IILFLHQW�GULOOLQJ�WHFKQRORJ\�LV�HVVHQWLDO�WR�PHHW�WKH�QHHGV�RI�WKH�RLO�LQGXVWU\��%RWK�WKH�FKDOOHQJHV�RI�QHZ
RLO�SURYLQFHV��HVSHFLDOO\�LQ�RIIVKRUH�ZDWHUV��DQG�WKH�GHPDQGV�IRU�HIILFLHQW�HQYLURQPHQWDO�SURWHFWLRQ�KDYH�GULYHQ�WKH
GHYHORSPHQW�RI�QHZ�WHFKQRORJ\��'ULOOLQJ�PXG�LV�D�NH\�IDFWRU�LQIOXHQFLQJ�GULOOLQJ�WHFKQRORJ\�XVHG�LQ�PRGHUQ�GULOOLQJ
RSHUDWLRQV��1HZ�RLO�LQGXVWU\�GHYHORSPHQWV�LQYROYH�GLUHFWLRQDO�DQG�KRUL]RQWDO�GULOOLQJ�DV�ZHOO�DV�GULOOLQJ�LQ�IURQWLHU
DUHDV�DW�JUHDWHU�DQG�JUHDWHU�GHSWKV��6XFK�FDSDELOLWLHV�DQG�FRQGLWLRQV�GHPDQG�FDUHIXO�DWWHQWLRQ�WR�WKH�VHOHFWLRQ�DQG
HQJLQHHULQJ�RI�HIILFLHQW�PXG�V\VWHPV�

6SHQW�GULOOLQJ�IOXLGV�DQG�GULOO�FXWWLQJV�DUH�DPRQJ�WKH�PRVW�VLJQLILFDQW�ZDVWH�VWUHDPV�IURP�H[SORUDWLRQ�DQG
GHYHORSPHQW�DFWLYLWLHV�LQ�WKH�RLO�DQG�JDV�LQGXVWU\��WKH\�SRVH�D�VHULRXV�DQG�FRVWO\�GLVSRVDO�SUREOHP�IRU�RIIVKRUH
RSHUDWRUV�ZKR�PXVW�EDUJH�VSHQW�PXG�DQG�FXWWLQJV�WR�VKRUH�IRU�ODQG�GLVSRVDO�LI�WKH\�GR�QRW�PHHW�8�6��(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\��(3$��GLVFKDUJH�OLPLWDWLRQV�RU�SHUPLW�UHTXLUHPHQWV��6XSSOLHUV�RI�PXG�V\VWHPV�KDYH�UHVSRQGHG�WR
WKLV�SUREOHP��6LQFH�������VHYHUDO�QRQ�WR[LF��ELRGHJUDGDEOH�V\QWKHWLF�EDVHG�PXGV��6%0V��ZLWK�GHVLUDEOH
SHUIRUPDQFH�DQG�HQYLURQPHQWDO�FKDUDFWHULVWLFV�KDYH�HQWHUHG�WKH�PDUNHW��+RZHYHU��(3$�UHJXODWLRQV�DSSO\�PXG
WHFKQRORJ\�WKDW�ZDV�DYDLODEOH�ZKHQ�WKH�UHJXODWLRQV�ZHUH�GHYHORSHG��QDPHO\�ZDWHU��DQG�RLO�EDVHG�PXGV��:%0V�DQG
2%0V���:KLOH�(3$�UHTXLUHPHQWV�DSSHDU�WR�KDYH�EHHQ�D�PDMRU�GULYHU�EHKLQG�WKH�GHYHORSPHQW�RI�6%0��QRZ�FRQFHUQ
LV�IRFXVHG�RQ�WKH�LQKLELWLQJ�HIIHFW�RI�GLVFKDUJH�OLPLWDWLRQV�RQ�XVH�RI�DOWHUQDWLYH�PXG�WHFKQRORJLHV�

7KLV�SDSHU�H[DPLQHV�DQG�GHVFULEHV�6%0�V\VWHPV�UHFHQWO\�GHYHORSHG�DV�VXEVWLWXWHV�IRU�FRQYHQWLRQDO�GULOOLQJ�PXGV�
,QLWLDOO\��EDFNJURXQG�LQIRUPDWLRQ�RQ�GULOOLQJ�PXG�LV�SUHVHQWHG�WR�SURYLGH�DQ�RYHUYLHZ��7KH�SDSHU�LGHQWLILHV�WKH
DGYDQWDJHV�DQG�GLVDGYDQWDJHV�RI�DOWHUQDWLYH�GULOOLQJ�PXGV�DQG�DVVHVVHV�WKHLU�FRPSDUDWLYH�HQYLURQPHQWDO�LPSDFW
DQG�FRVW�EHQHILW��7KH�SDSHU�DOVR�FKDUDFWHUL]HV�WKH�UHJXODWRU\�IDFWRUV�WKDW�DIIHFW�WKH�LQWURGXFWLRQ�DQG�ZLGHVSUHDG�XVH
RI�LQQRYDWLYH�DOWHUQDWLYH�PXG�WHFKQRORJ\��)LQDOO\��WKH�SDSHU�DVVHVVHV�WKH�DSSURDFK�RI�(3$�LQ�DGPLQLVWHULQJ�HIIOXHQW
OLPLWDWLRQV�JXLGHOLQHV��(/*V��DQG�LWV�LPSDFW�RQ�LQQRYDWLYH�WHFKQRORJ\�GHYHORSPHQW��,W�UHFRPPHQGV�DUHDV�RI�IXUWKHU
VWXG\�DQG�VXJJHVWV�UHJXODWRU\�SURFHVV�LPSURYHPHQWV�WR�HQFRXUDJH�WKH�GHYHORSPHQW�DQG�XVH�RI�DOWHUQDWLYH�PXG
WHFKQRORJLHV��7KH�UHFRPPHQGDWLRQV�LQFOXGH�

x� 7KH�WHUP�¦V\QWKHWLF�EDVHG�IOXLG§�VKRXOG�EH�FOHDUO\�DQG�VLPSO\�GHILQHG�WR�LQFOXGH�ORZ�WR[LFLW\�6%0
SURGXFWV�EHLQJ�GHYHORSHG��DQG

x� 7KH�VWDWLF�VKHHQ�WHVW��DV�LW�DSSOLHV�WR�6%0V��VKRXOG�EH�UHSODFHG�RU�DPHQGHG�ZLWK�RWKHU�DQDO\WLFDO
SURFHGXUHV�WR�HQVXUH�WKH�DEVHQFH�RI�IUHH�RLO�LQ�6%0V��7KH�VWDWLF�VKHHQ�WHVW�GRHV�QRW�HIIHFWLYHO\�GHWHUPLQH
WKH�SUHVHQFH�RI�FRQWDPLQDQWV�LQ�6%0V�EHFDXVH�WKH�FRQWLQXRXV�SKDVH�RI�6%0V�LV�OLJKWHU�WKDQ�ZDWHU�DQG
FRXOG�FDXVH�D�ILOP�RQ�WKH�ZDWHU�

%XUNH��&�-��DQG�-�$��9HLO��������6\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV�KDYH�PDQ\�HQYLURQPHQWDO�SOXVHV��2LO�DQG
*DV�-RXUQDO���������������

$EVWUDFW��7KH�DXWKRUV�UHYLHZ�WKH�SURSHUWLHV�DQG�EHQHILWV�RI�V\QWKHWLF�EDVHG�GULOOLQJ�PXGV�XVHG�RIIVKRUH��6%0V�KDYH
VHYHUDO�TXDQWLWDWLYH�EHQHILWV�FRPSDUHG�WR�:%0V��OHVV�ZDVWH�LV�SURGXFHG�IURP�D�UHF\FODEOH�SURGXFW��LQFUHDVHG�XVH�RI
KRUL]RQWDO�GULOOLQJ�UHGXFHV�WKH�DUHDO�H[WHQW�DQG�WKH�HQYLURQPHQWDO�LPSDFWV�RI�RIIVKRUH�RLO�DQG�JDV�RSHUDWLRQV�
UHGXFHG�GULOOLQJ�WLPH�UHVXOWV�LQ�UHGXFHG�HPLVVLRQV�IURP�GULOOLQJ�SRZHU�VRXUFHV��DQG�LPSURYHG�GULOOLQJ�SHUIRUPDQFH
UHGXFHV�ZDVWH�JHQHUDWLQJ�LQFLGHQWV�VXFK�DV�SLSH�VWXFN�LQ�KROH�DQG�WKH�XVH�RI�GLHVHO�SLOOV��WKHUHE\�IXUWKHU�UHGXFLQJ
ZDVWH�DQG�SROOXWLRQ�SURGXFWLRQ��6%0V�KDYH�VHYHUDO�TXDQWLILDEOH�EHQHILWV�FRPSDUHG�WR�2%0V��ORZ�WR[LFLW\�DQG
UHGXFHG�LUULWDQW�SURSHUWLHV�LPSURYH�ZRUNHU�VDIHW\��HOLPLQDWLRQ�RI�GLHVHO�DV�D�PXG�EDVH�UHGXFHV�SROOXWLRQ�KD]DUG�DQG
ULVNV�DQG�LPSURYHV�ZRUNHU�VDIHW\�



��

&DPSEHOO��-�$��������$Q�(	3�LQGXVWU\�SHUVSHFWLYH�RQ�DFFHSWDELOLW\�FULWHULD�IRU�WKH�PDULQH�GLVFKDUJH�RI
FXWWLQJV�GULOOHG�ZLWK�V\QWKHWLF�EDVHG�GULOOLQJ��63(��������3DJHV�����,Q�������63(�,QWHUQDWLRQDO
&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG�(QYLURQPHQW�LQ�2LO�DQG�*DV�([SORUDWLRQ�DQG�3URGXFWLRQ��&DUDFDV�
9HQH]XHOD�������-XQH�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��7KLV�SDSHU�GLVFXVVHV�WKH�LVVXHV�WKDW�WKH�RLO�DQG�JDV�H[SORUDWLRQ�DQG�SURGXFWLRQ�LQGXVWU\��WKH�(	3
LQGXVWU\��FRQVLGHUV�WR�EH�RI�LPSRUWDQFH�LQ�WKH�GHYHORSPHQW�RI�DFFHSWDELOLW\�FULWHULD�IRU�WKH�PDULQH�GLVFKDUJH�RI
FXWWLQJV�IURP�GULOOLQJ�ZLWK�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��6\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV�DUH�XVHG�WR�LPSURYH
SHUIRUPDQFH�ZKHQ�GULOOLQJ�WKURXJK�VHQVLWLYH�IRUPDWLRQV��XQGHU�H[WUHPHV�RI�WHPSHUDWXUH�DQG�SUHVVXUH��DQG�ZKHQ
GULOOLQJ�KLJKO\�GHYLDWHG�ZHOOV��6\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV�DUH�GHVLJQHG�WR�KDYH�LPSURYHG�HQYLURQPHQWDO
EHKDYLRXU��SDUWLFXODUO\�ZLWK�UHVSHFW�WR�SHUVLVWHQFH��FRPSDUHG�ZLWK�FRQYHQWLRQDO�RLO�EDVHG�GULOOLQJ�IOXLGV�

'ULOOHG�FXWWLQJV�PXVW�EH�UHPRYHG�SHULRGLFDOO\�IURP�WKH�GULOOLQJ�ULJ�GXH�WR�OLPLWDWLRQV�RQ�VWRUDJH�FDSDFLW\��'ULOOLQJ
RSHUDWLRQV�DUH�RIWHQ�FDUULHG�RXW�XQGHU�FRQGLWLRQV�LQ�ZKLFK�WHFKQLFDO�DQG�ORJLVWLFDO�IDFWRUV�PDNH�]HUR�GLVFKDUJH
RSHUDWLRQV�KLJKO\�LPSUDFWLFDO��$V�D�UHVXOW��PDULQH�GLVFKDUJH��VXEMHFW�WR�DSSURSULDWH�FRQWUROV��LV�D�PDQDJHPHQW
RSWLRQ�WKDW�PXVW�EH�FRQVLGHUHG�IRU�FXWWLQJV�IURP�GULOOLQJ�ZLWK�V\QWKHWLF�GULOOLQJ�IOXLGV�

7KH�(	3�LQGXVWU\�VXSSRUWV�WKH�XVH�RI�VFLHQWLILF�FULWHULD�EDVHG�RQ�FRQVLGHUDWLRQ�RI�SHUVLVWHQFH�LQ�WKH�UHFHLYLQJ
HQYLURQPHQW��WR[LFLW\�DQG�SRWHQWLDO�IRU�ELRDFFXPXODWLRQ�WR�GHWHUPLQH�WKH�DFFHSWDELOLW\�RI�PDULQH�GLVFKDUJH�RI�GULOOHG
FXWWLQJV��&RQVLVWHQW�ZLWK�WKDW�VXSSRUW��LQGXVWU\�DVVRFLDWLRQV�DQG�LQGLYLGXDO�RSHUDWRUV�DUH�FRRSHUDWLQJ�ZLWK
UHJXODWRUV�WR�GHYHORS�SUDFWLFDO�ODERUDWRU\�WHVWLQJ�SURWRFROV�DQG�PRQLWRULQJ�SURJUDPV��3URJUHVV�KDV�EHHQ�PDGH
WRZDUGV�GHYHORSLQJ�SUDFWLFDO�ODERUDWRU\�WHFKQLTXHV�WR�DVVHVV�WKH�UHODWLYH�GHJUDGDWLRQ�UDWHV�RI�GLIIHUHQW�EDVH�IOXLGV
XQGHU�FRQGLWLRQV�UHOHYDQW�WR�WKH�VHDEHG�HQYLURQPHQW��+RZHYHU��QHZ�PHWKRGV�IRU�PHDVXULQJ�ELRGHJUDGDWLRQ�UDWHV
VKRXOG�EH�YDOLGDWHG�DFFRUGLQJ�WR�DFFHSWHG�SURFHGXUHV�EHIRUH�DGRSWLRQ�DV�WKH�EDVLV�IRU�UHJXODWRU\�FRQWUROV�

3UDFWLFDO�DQG�UREXVW�WHVWLQJ�PHWKRGV�DUH�QHHGHG�WR�LPSOHPHQW�DFFHSWDELOLW\�FULWHULD�DQG�WR�SURYLGH�IRU�WKH
GHYHORSPHQW�RI�QHZ�GULOOLQJ�IOXLG�WHFKQRORJ\��7KH�UHODWLRQVKLS�RI�DFFHSWDELOLW\�FULWHULD�DQG�SUDFWLFDO�WHVW�PHWKRGV�WR
WKH�FRPSOH[�QDWXUDO�VHDEHG�HQYLURQPHQW�QHHGV�WR�EH�HVWDEOLVKHG�WR�SURYLGH�D�UHDVRQDEOH�EDVLV�IRU�UHODWLQJ�WHVW
UHVXOWV�WR�HQYLURQPHQWDO�HIIHFWV��7KH�VHDEHG�VXUYH\V�DQG�ODERUDWRU\�VWXGLHV�QRZ�XQGHUZD\�RU�UHFHQWO\�FRPSOHWHG
ZLOO�SURYLGH�YDOXDEOH�LQVLJKW�LQWR�WKLV�LVVXH��%DVHG�XSRQ�WKHVH�IDFWRUV��WKH�(	3�LQGXVWU\�UHFRPPHQGV�WKDW�

���$FFHSWDELOLW\�FULWHULD�IRU�PDULQH�GLVFKDUJH�RI�GULOOHG�FXWWLQJV�IURP�GULOOLQJ�ZLWK�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV����
EH�GHYHORSHG�EDVHG�RQ�FRQVLGHUDWLRQ�RI�HQYLURQPHQWDO�ULVN�IDFWRUV�VXFK�DV�SHUVLVWHQFH��WR[LFLW\�DQG
ELRDFFXPXODWLRQ��DQG�����EH�LPSOHPHQWHG�E\�PHDQV�RI�SUDFWLFDO�DQG�UREXVW�WHVW�PHWKRGV�

���$JUHHPHQW�EH�SXUVXHG�RQ�FOHDUO\�GHILQHG�FULWHULD�IRU�WKH�DFFHSWDELOLW\�RI�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLG�PDWHULDOV
IRU�GLVFKDUJH�WR�IDFLOLWDWH�WKH�GHYHORSPHQW�RI�QHZ�DQG�HQYLURQPHQWDOO\�DFFHSWDEOH�GULOOLQJ�IOXLG�WHFKQRORJ\�

���&ULWHULD�IRU�PDULQH�GLVFKDUJH�SURYLGH�IRU�H[FHSWLRQV�IRU�HVVHQWLDO�XVH�RQ�D�VLWH�VSHFLILF�EDVLV��FRQVLGHULQJ
WHFKQLFDO�GULOOLQJ�UHTXLUHPHQWV��VDIHW\��DVVHVVPHQW�RI�HQYLURQPHQWDO�ULVN�DQG�WKH�SUDFWLFDOLW\�DQG�HQYLURQPHQWDO
HIIHFWV�RI�]HUR�GLVFKDUJH�DOWHUQDWLYHV�

&DQGOHU��-���0��&KXUDQ�DQG�/��&RQQ��������/DERUDWRU\�DQG�ILHOG�PHDVXUHPHQWV�RI�YDSRUV�JHQHUDWHG�E\�RUJDQLF
PDWHULDOV�LQ�GULOOLQJ�IOXLGV��63(��������3DJHV���������,Q��7KH�7KLUG�,QWHUQDWLRQDO�&RQIHUHQFH�RQ
+HDOWK��6DIHW\�DQG�(QYLURQPHQW�LQ�2LO�DQG�*DV�([SORUDWLRQ�DQG�3URGXFWLRQ��1HZ�2UOHDQV��/RXLVLDQD�
�����-XQH�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��,Q�DQ�HUD�RI�LQFUHDVLQJ�DZDUHQHVV�RI�ZRUNHU�KHDOWK�LVVXHV��RQH�RI�WKH�NH\�FRQFHUQV�LQ�H[SORUDWLRQ�DFWLYLWLHV
LV�WKH�H[SRVXUH�RI�ZHOOVLWH�SHUVRQQHO�WR�YDSRUV�JHQHUDWHG�E\�RUJDQLF�PDWHULDOV�LQ�GULOOLQJ�IOXLGV��$UHDV�RQ�WKH
GULOOLQJ�ORFDWLRQ�ZLWK�WKH�KLJKHVW�H[SRVXUH�SRWHQWLDOV�DUH�WKH�VKDOH�VKDNHUV�DQG�PXG�SLWV��7KHVH�DUHDV�DUH�RIWHQ
HQFORVHG�LQ�URRPV�DQG�YHQWLODWHG�WR�SUHYHQW�XQKHDOWK\�OHYHOV�RI�YDSRUV�IURP�DFFXPXODWLQJ��,Q�FRQWLQXLQJ�HIIRUWV�WR
PLQLPL]H�KHDOWK�ULVNV��QHZ�SURGXFWV�DUH�HYDOXDWHG�WR�PLQLPL]H�WKH�YRODWLOLW\�RI�RUJDQLF�PDWHULDOV�XVHG�LQ�GULOOLQJ
IOXLGV�

7KLV�VWXG\�SUHVHQWV�D�ODERUDWRU\�WHFKQLTXH�IRU�PHDVXULQJ�YDSRUV�JHQHUDWHG�IURP�RUJDQLF�PDWHULDOV�LQ�GULOOLQJ�IOXLGV�
8VLQJ�WKLV�WHFKQLTXH��GDWD�DUH�SUHVHQWHG�FRPSDULQJ�WKH�YROXPH�RI�YDSRUV�JHQHUDWHG�IURP�GLHVHO�RLOV��PLQHUDO�RLOV�



��

V\QWKHWLF�IOXLGV��DQG�D�ZDWHU�PLVFLEOH�JO\FRO��6\QWKHWLF�IOXLGV�JHQHUDWHG������WR����SSP��DYHUDJH���SSP��YDSRUV�DW
����� &���7KH�GRPLQDQW�YDSRU�IURP�HVWHU�EDVHG�IOXLG�ZDV���HWK\OKH[DQRO��)LHOG�GDWD�FROOHFWHG�IURP�WKH�VKDNHU�DQG
PXG�SLW�DUHDV�RI�GULOOLQJ�RSHUDWLRQV�ZDV�XVHG�WR�YDOLGDWH�WKH�ODERUDWRU\�VWXG\�WR�ILHOG�FRQGLWLRQV��9DSRU
FRQFHQWUDWLRQV�DW�WKH�VKDOH�VKDNHU�GXULQJ�V\QWKHWLF�IOXLG�SURFHVVLQJ�ZDV�����SSP��PXFK�ORZHU�WKDQ�YDSRU
FRQFHQWUDWLRQV�GXULQJ�XVHG�RI�RLO�EDVHG�IOXLGV��7KH�SRWHQWLDO�KHDOWK�HIIHFWV�RI�WKH�FROOHFWHG�YDSRUV�ZHUH�FRQVLGHUHG
ORZ�IRU�V\QWKHWLF�EDVHG�IOXLGV�

&DQGOHU��-���5��+HEHUW��DQG�$�-�-��/HXWHUPDQ��������(IIHFWLYHQHVV�RI�D����GD\�$670�DPSKLSRG�VHGLPHQW�WHVW�WR
VFUHHQ�GULOOLQJ�PXG�EDVH�IOXLGV�IRU�EHQWKLF�WR[LFLW\��63(��������,Q�������63(�(3$�([SORUDWLRQ�DQG
3URGXFWLRQ�(QYLURQPHQWDO�&RQIHUHQFH��'DOODV��7;������0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF�
5LFKDUGVRQ��7;�����SS�

$EVWUDFW��7KH�LQWURGXFWLRQ�RI�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV�KDV�FKDOOHQJHG�ERWK�LQGXVWU\�DQG�WKH�(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\�WR�LQYHVWLJDWH�EHQWKLF�WR[LFLW\�WHVWLQJ��7KH�QHHG�IRU�D�V\QWKHWLF�EDVHG�PXG�VFUHHQLQJ�WRRO�KDV�EHHQ
KLJKOLJKWHG�E\�WKH�UHFRPPHQGDWLRQ�E\�WKH�&RDVWDO�(IIOXHQW�/LPLWDWLRQ�*XLGHOLQHV�WKDW�EHQWKLF�WHVWLQJ�WR�EH�LQFOXGHG
LQ�RIIVKRUH�JHQHUDO�SHUPLWV��2XWVLGH�RI�WKH�RLOILHOG��GHYHORSPHQW�RI�VROLG�SKDVH�WHVWLQJ�RI�GUHGJHG�PDWHULDO�KDV�OHG�WR
VWDQGDUGL]HG�EHQWKLF�WHVWLQJ�SURWRFROV�DFFHSWHG�E\�WKH�(3$��$670��(���������XVHG�ZLWK�$PSHOLVFD�DEGLWD�DQG
&RURSKLXP�YROXWDWRU�RQ�VHGLPHQWV�VSLNHG�ZLWK�YDULRXV�EDVH�IOXLGV��ZDV�DEOH�WR�GLVWLQJXLVK�V\QWKHWLF�EDVHG�PXGV
IURP�RLO�EDVHG�PXGV��,W�LV�GHPRQVWUDWHG�LQ�WKLV�SDSHU�WKDW�DQDO\VLV�RI�RWKHU�WHVW�VSHFLHV�XVLQJ�$670�(���������DQG
DGGLWLRQDO�WHVWLQJ�ZLWK�$��DEGLWD��FDQ�OHDG�WR�UDSLG�GHYHORSPHQW�RI�D�EHQWKLF�VFUHHQLQJ�WRRO�IRU�LQFRUSRUDWLRQ�LQWR
WKH�QH[W�URXQG�RI�RIIVKRUH�JHQHUDO�SHUPLWV��7KLV�VKRXOG�SURPRWH�WKH�FRQWLQXHG�SRVLWLYH�GHYHORSPHQW�RI�V\QWKHWLF�
EDVHG�GULOOLQJ�IOXLG�WHFKQRORJ\�

&DQGOHU��-�(���6��+RVNLQ��0��&KXUDQ��&�:��/DL�DQG�0��)UHHPDQ��������6HDIORRU�PRQLWRULQJ�IRU�V\QWKHWLF�EDVHG�PXG
GLVFKDUJHG�LQ�WKH�:HVWHUQ�*XOI�RI�0H[LFR��63(��������3DJHV�������,Q��63(�(3$�([SORUDWLRQ�	
3URGXFWLRQ�(QYLURQPHQW�&RQIHUHQFH��+RXVWRQ��7;��������0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV�
,QF��5LFKDUGVRQ��7;�

$EVWUDFW��6\QWKHWLF�EDVHG�PXGV�KDYH�EHHQ�XVHG�WR�VLPXOWDQHRXVO\�LPSURYH�GULOOLQJ�DQG�HQYLURQPHQWDO�SHUIRUPDQFH�
7KH�IDWH�DQG�HIIHFWV�RI�V\QWKHWLF�EDVHG�PXG�GLVFKDUJHV�LQ�WKH�PDULQH�HQYLURQPHQW�KDYH�EHHQ�LVVXHV�RI�FRQFHUQ�ZLWK
WKH�GULOOLQJ�LQGXVWU\�DQG�JRYHUQPHQWDO�DJHQFLHV��0RVW�RI�WKH�HQYLURQPHQWDO�GDWD�RQ�V\QWKHWLF�EDVHG�PXGV�KDYH�EHHQ
JHQHUDWHG�XQGHU�ODERUDWRU\�FRQGLWLRQV��7KLV�VWXG\�XVHV�ILHOG�FROOHFWHG�GDWD�WR�LQYHVWLJDWH�WKH�IDWH�DQG�HIIHFWV�RI�D
SRO\DOSKDROHILQ�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLG�

7KH�ILUVW�ZHOO�GULOOHG�LQ�WKH�*XOI�RI�0H[LFR�XVLQJ�V\QWKHWLF�EDVHG�PXG�ZDV�FRPSOHWHG�LQ�-XQH�������$SSUR[LPDWHO\
����EEO�RI�FXWWLQJV�DQG�����EEO�RI�V\QWKHWLF�EDVHG�PXG�ZHUH�GLVFKDUJHG�RYHU�D���GD\�SHULRG��7KUHH�VDPSOLQJ�WULSV
PDGH�WR�WKH�GLVFKDUJH�ORFDWLRQ�RYHU�D���\HDU�SHULRG���-XQH������VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��)HEUXDU\������
DQG�-XQH�������WR�FROOHFW�VHGLPHQW�VDPSOHV�IRU�FKHPLFDO�DQG�ELRORJLFDO�DQDO\VLV��7KH�VHGLPHQW�VDPSOHV�ZHUH
DQDO\]HG�IRU�V\QWKHWLF�EDVH�FKHPLFDOV��DV�WRWDO�SHWUROHXP�K\GURFDUERQV��73+��E\�LQIUDUHG�DQDO\VLV��DQG�EDULXP��2Q
WKH�WKLUG�WULS��LQIDXQDO�VDPSOHV�DOVR�ZHUH�WDNHQ�

,Q�-XQH�������VKRUWO\�DIWHU�FRPSOHWLRQ�RI�GULOOLQJ��73+�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�QHDU�WKH�SODWIRUP�UDQJHG�IURP
EDFNJURXQG�OHYHOV�RI����WR����PJ�NJ�������P�IURP�WKH�GLVFKDUJH�WR�D�KLJK�RI���������PJ�NJ����P�WR�WKH�VRXWK�RI�WKH
GLVFKDUJH��7KH�GLVWULEXWLRQ�RI�WKH�6%0�LQ�VHGLPHQWV�ZDV�YHU\�XQHYHQ��EXW�FRUUHODWHG�ZHOO�ZLWK�FRQFHQWUDWLRQV�RI
EDULXP��7KH�KLJKHVW�FRQFHQWUDWLRQ�RI�EDULXP�LQ�VHGLPHQWV�ZDV��������PJ�NJ����P�VRXWK�RI�WKH�SODWIRUP��7ZR�\HDUV
ODWHU��VHGLPHQW�73+�FRQFHQWUDWLRQV�KDG�GHFOLQHG�WR�QRW�GHWHFWDEOH�DW�WKH�������P�VWDWLRQV�WR��������PJ�NJ�DW�D
VWDWLRQ����P�VRXWK�RI�WKH�GULOOLQJ�VLWH��&RQFHQWUDWLRQV�ZHUH�EHORZ�������PJ�NJ�DW�DOO�VWDWLRQV�IXUWKHU�WKDQ����P�IURP
WKH�GLVFKDUJH�VLWH��%DULXP�FRQFHQWUDWLRQV�VWLOO�ZHUH�HOHYDWHG�LQ�VHGLPHQWV�IURP�VHYHUDO�VWDWLRQV�

�7ZR�\HDUV�DIWHU�GLVFKDUJHV�RI�V\QWKHWLF�EDVHG�FXWWLQJV�ZHUH�FRPSOHWHG��DQ�DUHD�ZLWKLQ����P�RI�WKH�GLVFKDUJH�SRLQW
FRQWLQXHG�WR�H[KLELW�DOWHUDWLRQV�LQ�WKH�EHQWKLF�FRPPXQLW\�QRW�QRUPDOO\�DVVRFLDWHG�ZLWK�ZDWHU�EDVHG�PXG�GLVFKDUJHV�
6HGLPHQWV�IURP����P�DQG����P�VRXWK�DQG����P�ZHVW�RI�WKH�GLVFKDUJH�VLWH�KDG�EHQWKLF�FRPPXQLWLHV�ZLWK�IHZHU�WD[D�
QXPEHUV�RI�LQGLYLGXDOV��DQG�ORZHU�GLYHUVLW\�WKDQ�VHGLPHQWV�IURP�RWKHU�VDPSOLQJ�ORFDWLRQV��7KH�VWXG\�LQGLFDWHV�WKDW
SRO\�DOSKD�ROHILQ�V\QWKHWLF�EDVHG�PXG�H[KLELWV�VLJQLILFDQW�LPSURYHPHQWV�RYHU�RLO�EDVHG�PXG�LQ�WHUPV�RI�UHPRYDO�RI
RUJDQLF�FRQWDPLQDWLRQ�DQG�PLQLPL]DWLRQ�RI�DGYHUVH�HIIHFWV�RQ�WKH�EHQWKLF�FRPPXQLW\�
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&DQGOHU��-�(���6�3��5DENH�DQG�-�-��/HXWHUPDQ��������3UHGLFWLQJ�WKH�SRWHQWLDO�LPSDFW�RI�V\QWKHWLF�EDVHG�PXGV�ZLWK
WKH�XVH�RI�ELRGHJUDGDWLRQ�VWXGLHV��63(��������,Q�������63(�(3$�([SORUDWLRQ�DQG�3URGXFWLRQ
(QYLURQPHQWDO�&RQIHUHQFH��$XVWLQ��7;�����)HEUXDU\���0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF�
5LFKDUGVRQ��7;�����SS�

$EVWUDFW��7KH�XVH�RI�V\QWKHWLF�EDVHG�PXGV��6%0V��FDQ�LPSURYH�GULOOLQJ�SHUIRUPDQFH�DQG�UHGXFH�WKH�YROXPH�RI
SROOXWLRQ�JHQHUDWHG�E\�RIIVKRUH�GULOOLQJ�RSHUDWLRQV��,QYHVWLJDWLRQV�LQWR�WKH�HQYLURQPHQWDO�LPSDFW�RI�6%0V�WR�GDWH
KDYH�FRQFHQWUDWHG�RQ�WKH�VHDIORRU��7KH�ELRGHJUDGDWLRQ�UDWH�RI�DQ�6%0�LV�DQ�LPSRUWDQW�IDFWRU�LQ�GHWHUPLQLQJ�WKH
RYHUDOO�HQYLURQPHQWDO�SHUIRUPDQFH��/DERUDWRU\�ELRGHJUDGDWLRQ�WHVWV�DUH�DQ�LQH[SHQVLYH�DOWHUQDWLYH�WR�FRQGXFWLQJ
ILHOG�VWXGLHV��+RZHYHU��PRVW�RI�WKH�WHVWV�KDYH�EHHQ�GHVLJQHG�IRU�ZDWHU�VROXEOH�FRPSRXQGV�DQG�UHSURGXFLEOH�UHVXOWV
DUH�GLIILFXOW�WR�REWDLQ�ZLWK�UHJXODULW\�IRU�K\GURSKRELF�PDWHULDOV�OLNH�6%0V��)RU�WKLV�VWXG\��D�YDULHW\�RI�EDVH�IOXLGV
ZHUH�WHVWHG�XVLQJ�WKH�62$()'��6FRWWLVK�2IILFH�RI�$JULFXOWXUH��(QYLURQPHQW�DQG�)LVKHULHV�'HSDUWPHQW��VROLG�SKDVH
WHVW��6HYHUDO�ELRGHJUDGDWLRQ�WHVW�SURWRFROV�ZHUH�FRPSDUHG��7KH�FRQFOXVLRQV�RI�WKH�VWXG\�ZHUH�

x� %LRGHJUDGDWLRQ�LV�D�WHFKQRORJ\�FRQWURO�WKDW�FDQ�EH�XVHG�WR�PLQLPL]H�SRWHQWLDO�LPSDFWV�DVVRFLDWHG�ZLWK�6%0
XVH�

x� 2WKHU�HQYLURQPHQWDO�SDUDPHWHUV�WKDQ�ELRGHJUDGDWLRQ�DUH�DOVR�LPSRUWDQW�DQG�QR�RQH�SDUDPHWHU�ZLOO�EH�DEOH�WR
XQLYHUVDOO\�LGHQWLI\�WKH�EHVW�6%0�WHFKQRORJ\�

x� 7KH�FRQVHUYDWLYH�DSSURDFK�WR�HQVXULQJ�WKDW�HQG�XVHUV�PLQLPL]H�WKHLU�ORQJ�WHUP�OLDELOLW\�LV�WR�DVVXPH�WKDW�XQGHU
VRPH�GLVFKDUJH�FRQGLWLRQV�EDVH�IOXLGV�ZLOO�QHHG�WR�ELRGHJUDGH�XQGHU�ERWK�DHURELF�DQG�DQDHURELF�FRQGLWLRQV
DQG�WKDW�D�PLQLPXP�SHUIRUPDQFH�OHYHO�ZLOO�QHHG�WR�EH�UHTXLUHG�IRU�ERWK�DHURELF�DQG�DQDHURELF�FRQGLWLRQV�

x� 8VH�RI�ELRGHJUDGDWLRQ�DV�D�SHUIRUPDQFH�UHTXLUHPHQW�IRU�6%0V�KDV�H[SHULHQFHG�WKH�FKDOOHQJHV�RI
HQYLURQPHQWDO�PLFURELRORJ\�

x� 7KH�VXJJHVWHG�GHVLJQ�JRDOV�IRU�D�%$7�ELRGHJUDGDWLRQ�WHVW�DUH��PD[LPXP�GLVFULPLQDWRU\�SRZHU��SUDFWLFDOLW\�RI
LPSOHPHQWDWLRQ��UDQNLQJ�RI�NQRZQ�WHVW�VXEVWDQFHV�DV�H[SHFWHG��DQG�HFRORJLFDO�UHOHYDQFH�

x� $QDHURELF�ELRGHJUDGDWLRQ�WHVW�KDYH�RIIHUHG�WKH�KLJKHVW�GLVFULPLQDWRU\�SRZHU�WR�GDWH�

x� 0RVW�ELRGHJUDGDWLRQ�WHVWV��LQFOXGLQJ�WKH�62$()'�VROLG�SKDVH�WHVW��XVHG�WR�GDWH�RQ�6%0V�DUH�VXEMHFW�WR��
FRHIILFLHQWV�RI�YDULDELOLW\�JUHDWHU�WKDQ����IRU�VRPH�EDVH�IOXLGV�

x� &ORVHG�ERWWOH�WHVWV�DUH�OHVV�H[SHQVLYH��IDVWHU��DQG�PRUH�SUDFWLFDO�WKDQ�WKH�VROLG�SKDVH�WHVW�

x� 7KH�XQGHUO\LQJ�FKHPLFDO�PRGHO�IRU�ELRGHJUDGDWLRQ�SHUIRUPDQFH�LV�GRFXPHQWHG�LQ�WKH�VFLHQWLILF�OLWHUDWXUH�

x� 7KH�DHURELF�WHVW�UHVXOWV�KDYH�QRW�DOZD\V�PDWFKHG�WKH�SUHGLFWHG�SHUIRUPDQFH�RI�WKH�SUHGLFWLYH�PRGHO�

x� 7KH�DQDHURELF�WHVW�UHVXOWV�PDWFK�WKH�SUHGLFWLYH�PRGHO�LQ�WKH�FDVH�RI�HVWHU��ROHILQ��DQG�SDUDIILQ��PLQHUDO�RLO�
SHUIRUPDQFH�

x� 7KH�1,9$�WHVW�DSSHDUV�WR�UDQN�WKH�EDVH�IOXLGV�PRUH�FRQVLVWHQWO\�WKDQ�WKH�62$()'�WHVW�

x� )RU�WKH�62$()'�SURWRFRO��WKH�UDQNLQJ�RI�WHVW�PDWHULDOV�DSSHDUV�WR�EH�DQ�DUWLIDFW�RI�WKH�WHVWLQJ�FRQGLWLRQV�

x� 7KH�1,9$�WHVW�KDV�WKH�PRVW�HFRORJLFDO�UHOHYDQFH�

x� 7KH�62$()'�VROLG�SKDVHG�WHVW�DSSURDFKHV�ELRGHJUDGDWLRQ�IURP�ILHOG�FRQGLWLRQV�EXW�VXIIHUV�IURP�WHVWLQJ
DUWLIDFWV�

x� &ORVHG�ERWWOH�WHVWV�DUH�HFRORJLFDOO\�UHOHYDQW�EHFDXVH�WKH\�PHDVXUH�DHURELF�DQG�DQDHURELF�GHJUDGDWLRQ�

-
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x� )LHOG�VWXGLHV�PD\��RYHU�WLPH��KHOS�LPSURYH�DQG�YDOLGDWH�WKH�HFRORJLFDO�UHOHYDQFH�RI�WKH�WHVW�PHWKRG�VHOHFWHG�

x� &RQWLQXHG�GHYHORSPHQW�RI�FORVHG�ERWWOH�WHFKQLTXHV�DQG�VROLG�SKDVH�WHVWV�LV�MXVWLILHG�

x� 'XH�WR�ODFN�RU�WLPH��FORVHG�ERWWOH�DQG�VROLG�SKDVH�WHVWV�QHHG�WR�EH�WHVWHG�TXLFNO\�VR�WKDW�GHFLVLRQV�FDQ�EH�PDGH
LQ�D�WLPHO\�PDQQHU�

&DQGOHU��-�(���-�+��5XVKLQJ�DQG�$�-�-��/HXWHUPDQ��������6\QWKHWLF�EDVHG�PXG�V\VWHPV�RIIHU�HQYLURQPHQWDO
EHQHILWV�RYHU�WUDGLWLRQDO�PXG�V\VWHPV��63(��������3DJHV���������,Q��63(�(3$�([SORUDWLRQ�	
3URGXFWLRQ�(QYLURQPHQWDO�&RQIHUHQFH��6DQ�$QWRQLR��7;�������0DUFK�������6RFLHW\�RI�3HWUROHXP
(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��7KLV�SDSHU�DGGUHVVHV�FULWLFDO�LVVXHV�FRQFHUQLQJ�WKH�UHJXODWLRQ�RI�V\QWKHWLF�EDVHG�IOXLGV�LQ�2XWHU
&RQWLQHQWDO�6KHOI�ZDWHUV��6\QWKHWLF�EDVHG�PXGV�ZHUH�QRW�HQYLVLRQHG�ZKHQ�GLVFKDUJH�FULWHULD�ZHUH�IRUPXODWHG�D
GHFDGH�DJR��,W�LV�FULWLFDO�WKDW�WKH�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�LQYHVWLJDWH�WKLV�QHZ�FDWHJRU\��VLQFH�WKH
RULJLQDO�SHUPLW�ODQJXDJH�DQG�GLVFKDUJH�FULWHULD�PD\�LQKLELW�WKH�XWLOL]DWLRQ�RI�WKLV�QHZ�WHFKQRORJ\�DQG�SUHYHQW�WKH
UHDOL]DWLRQ�RI�YROXPH�UHGXFWLRQ�WKDW�FDQ�EH�DFKLHYHG�XVLQJ�V\QWKHWLF�EDVHG�PXGV�

7R�GDWH��WKH�(3$�KDV�QRW�DGGUHVVHG�WKH�XVH�RI�LQKLELWLYH�PXG�V\VWHPV�DV�D�FRQWURO�WHFKQRORJ\�IRU�UHGXFLQJ�WKH
TXDQWLW\�RI�SROOXWDQWV��'ULOOLQJ�WKURXJK�VKDOH�IRUPDWLRQV�LV�DQ�LQWHJUDO�SDUW�RI�GULOOLQJ�ZHOOV�LQ�WKH�*XOI�RI�0H[LFR�
6ROYLQJ�SUREOHPV�DVVRFLDWHG�ZLWK�WKHVH�IRUPDWLRQV�FDQ�EHQHILW�WKH�(3$��LQGXVWU\��DQG�WKH�HQYLURQPHQW��7KH�XVH�RI
V\QWKHWLF�EDVHG�PXGV�RIIHUV�JUHDWHU�ZDVWH�UHGXFLQJ�FDSDELOLWLHV�WKDQ�ZDWHU�EDVHG�PXGV��7KH\�DOVR�SHUPLW�GULOOLQJ�LQ
DUHDV�WKDW�QRZ�UHTXLUH�RLO�EDVHG�PXG�WR�FRPEDW�WURXEOHVRPH�VKDOHV��&RPSDUHG�WR�KDXOLQJ�RLO�EDVHG�PXG��V\QWKHWLF�
EDVHG�PXGV�RIIHU�VLJQLILFDQW�QRQ�ZDWHU�TXDOLW\�DGYDQWDJHV�LQ�WKH�DUHDV�RI�DLU�SROOXWLRQ��ZRUNHU�VDIHW\��UHGXFWLRQ�RI
SRWHQWLDO�VSLOOV��DQG�UHGXFWLRQ�LQ�ODQGILOO�XVDJH�

&DUOVRQ��7��DQG�7��+HPSKLOO��������0HHWLQJ�WKH�FKDOOHQJHV�RI�GHHSZDWHU�*XOI�RI�0H[LFR�GULOOLQJ�ZLWK�QRQ�
SHWUROHXP�HVWHU�EDVHG�GULOOLQJ�IOXLGV��63(��������3DJHV���������,Q��63(�,QWHUQDWLRQDO�3HWUROHXP
&RQIHUHQFH�	�([KLELWLRQ�RI�0H[LFR��9HUDFUX]��0H[LFR��������2FWREHU�������6RFLHW\�RI�3HWUROHXP
(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��7KH�VHDUFK�IRU�UHFRYHUDEOH�K\GURFDUERQV�LQ�WKH�*XOI�RI�0H[LFR�KDV�PRYHG�LQWR�LQFUHDVLQJO\�GHHSHU
ZDWHUV��6LQFH�LWV�LQWURGXFWLRQ�LQ�WKH�*XOI�RI�0H[LFR�LQ�������WKH�HVWHU�EDVHG�GULOOLQJ�IOXLG�V\VWHP�KDV�EHHQ�XVHG�RQ
ILYH�GHHSZDWHU�ZHOOV��7KLV�SDSHU�GHVFULEHV�WKH�DSSOLFDWLRQV�RI�WKH�HVWHU�EDVHG�V\VWHP�DQG�LWV�DELOLW\�WR�KDQGOH�WKH
VSHFLDO�FKDOOHQJHV�RI�GHHSZDWHU�GULOOLQJ�LQ�WKH�*XOI�RI�0H[LFR���(VWHU�EDVHG�GULOOLQJ�IOXLGV�KDYH�SURYHQ�WR�EH�WRS
SHUIRUPHUV�LQ�WRZ�RI�WKH�PRVW�GLIILFXOW�GULOOLQJ�HQYLURQPHQWV�NQRZQ�WRGD\��H[WHQGHG�UHDFK�DQG�GHHSZDWHU�GULOOLQJ�

&KDSPDQ��3�-��������7KLQ�OD\HU�FKURPDWRJUDSKLF�DQDO\VLV�IRU�GHWHFWLRQ�RI�FUXGH�RLO�FRQWDPLQDWLRQ�LQ
V\QWKHWLF��DQG�HQKDQFHG�PLQHUDO�RLO�EDVHG�PXGV��'UDIW�UHSRUW�IURP�*XOI�(FRORJ\�'LYLVLRQ
�1+((5/���8�6��(3$��*XOI�%UHH]H��)/����SS�

$EVWUDFW���7KLV�LV�D�GUDIW�SURWRFRO�IRU�GHWHUPLQLQJ�FUXGH�RLO�LQ�6%0�E\�WKLQ�OD\HU�FKURPDWRJUDSK\��2UJDQLF�PDWWHU
LV�H[WUDFWHG�IURP�WKH�6%0�ZLWK�D�YRODWLOH�RUJDQLF�VROYHQW��DSSOLHG�WR�D�VLOLFRQ�FRDWHG�7/&�SODWH�ZLWK�IOXRUHVFHQW
LQGLFDWRU��7KH�SODWH�LV�GHYHORSHG�ZLWK�VXLWDEOH�RUJDQLF�VROYHQWV�DQG�EDQGV�RI�DURPDWLF�K\GURFDUERQV��LQGLFDWLYH�RI
SHWUROHXP��DUH�TXDQWLILHG�E\�FRPSDULVRQ�WR�WKH�IOXRUHVFHQFH�LQWHQVLW\�RI�VWDQGDUGV�GHYHORSHG�FRQFXUUHQWO\�

&KXUDQ��0���-�(��&DQGOHU��DQG�0��)UHHPDQ��������2QVLWH�DQG�RIIVLWH�PRQLWRULQJ�RI�V\QWKHWLF�EDVHG�GULOOLQJ
IOXLGV�IRU�RLO�FRQWDPLQDWLRQ��63(��������3DJHV���������,Q�������63(�(3$�([SORUDWLRQ�DQG
3URGXFWLRQ�(QYLURQPHQWDO�&RQIHUHQFH��'DOODV��7;������0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV�
,QF��5LFKDUGVRQ��7;�

$EVWUDFW��7KH�GHYHORSPHQW�RI�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��6%0V��KDV�JHQHUDWHG�WKH�QHHG�IRU�QHZ�DQDO\WLFDO
WHFKQLTXHV�WR�LGHQWLI\�RLO�FRQWDPLQDWLRQ�DQG�WR�GLVWLQJXLVK�6%0V�IURP�RLO�EDVH�PXGV��2%0V���,Q�UHVSRQVH�WR�WKLV
QHHG��ODERUDWRU\�WHFKQLTXHV�XVLQJ�JDV�FKURPDWRJUDSK\�PDVV�VSHFWURPHWU\��*&�06��DQG�ILHOG�WHFKQLTXHV�XVLQJ
SRUWDEOH�JDV�FKURPDWRJUDSK\�ZLWK�D�IODPH�LRQL]DWLRQ�GHWHFWRU��*&�),'��KDYH�EHHQ�GHYHORSHG�DQG�VXFFHVVIXOO\



��

DSSOLHG�WR�6%0�LQ�WKH�1RUWK�6HD��*XOI�RI�0H[LFR��DQG�RWKHU�JOREDO�ORFDWLRQV��7KLV�SDSHU�GHVFULEHV�WKH�DQDO\WLFDO
WHFKQLTXHV�DQG�HTXLSPHQW�XVHG�WR�PRQLWRU�6%0V�DQG�UHYLHZV�ILHOG�FDVH�KLVWRULHV�ZKHUH�FRQWDPLQDWLRQ�RI�6%0�ZDV
LGHQWLILHG�

7KH�WZR�PHWKRGV�KDYH�EHHQ�HYDOXDWHG�ZLWK�3$2��/$2��,2��DQG�HVWHU�V\QWKHWLF�EDVH�IOXLGV�DQG�GULOOLQJ�PXGV��7KH
*&�06�PHWKRG�KDV�ORZHU�GHWHFWLRQ�OLPLWV�WKDQ�WKH�*&�),'�PHWKRG��7KH�*&�06�PHWKRG�KDV�EHHQ�XVHG�RQ�PRUH
WKDQ������VDPSOHV�IURP�PRUH�WKDQ�����ZHOOV�LQ�WKH�8�6��*XOI�RI�0H[LFR��1RUZD\��8.��+ROODQG��$XVWUDOLD��0H[LFR�
DQG�*HUPDQ\��7KHVH�PHWKRGV�KDYH�EHHQ�VXFFHVVIXO�LQ�LGHQWLI\LQJ�FRQWDPLQDWLRQ��PRVW�QRWDEO\�IURP�FUXGH�RLO��LQ
6%0V��+\GURFDUERQ�FRQWDPLQDWLRQ�IURP�RLO�EDVHG�GULOOLQJ�PXGV�DOVR�KDV�EHHQ�GHWHFWHG�

&REE\��*�/��DQG�5�-��&UDGGRFN��������:HVWHUQ�$XVWUDOLDQ�*RYHUQPHQW�GHFLVLRQ���PDNLQJ�FULWHULD�LQYROYHG�LQ�WKH
UHJXODWLRQ�RI�GULOOLQJ�IOXLGV�RIIVKRUH��$33($�-RXUQDO�����3DUW��������

$EVWUDFW��7UDGLWLRQDO�UHJXODWRU\�UHJLPHV�KDYH�IRFXVHG�XSRQ�WKH�UHJXODWLRQ�RI�FODVVHV�RI�GULOOLQJ�IOXLGV�EDVHG�RQ
WKHLU�FKHPLFDO�FDWHJRU\��7KH�:HVWHUQ�$XVWUDOLDQ�'HSDUWPHQW�RI�0LQHUDOV�DQG�(QHUJ\��:$'0(��KDV�GHYHORSHG�DQ
DOWHUQDWLYH�DSSURDFK�WR�WKH�UHJXODWLRQ�RI�GULOOLQJ�IOXLGV�RIIVKRUH��7KLV�DOWHUQDWH�DSSURDFK�LV�EDVHG�RQ�DQ�REMHFWLYH
FDVH�E\�FDVH�DVVHVVPHQW�RI�HDFK�GULOOLQJ�SURSRVDO��7KH�:$'0(�DVVHVVHV�WKH�OLNHOLKRRG�DQG�FRQVHTXHQFH
�HQYLURQPHQWDO�ULVN��RI�SRWHQWLDO�HQYLURQPHQWDO�HYHQWV�DVVRFLDWHG�ZLWK�WKH�WRWDO�GULOOLQJ�SURSRVDO�LQ�GHWHUPLQLQJ�WKH
DFFHSWDELOLW\�RI�WKDW�SURSRVDO�

7KLV�DSSURDFK�XVHV�D�IUDPHZRUN�RI�DVVHVVPHQW�FULWHULD�WR�DVVLVW�LQ�GHFLVLRQ�PDNLQJ��7KHVH�FULWHULD�LQFOXGH�WKH
HQYLURQPHQWDO�VHQVLWLYLW\�RI�WKH�ZHOO�ORFDWLRQ��WKH�RFHDQRJUDSKLF�FRQGLWLRQV�DQG�WKH�SRWHQWLDO�IRU�FXWWLQJV
DFFXPXODWLRQ��WKH�W\SH�DQG�TXDQWLW\�RI�WKH�SURSRVHG�GULOOLQJ�IOXLG�DQG�FXWWLQJV��WKH�PHWKRG�RI�FXWWLQJV�GLVSRVDO��WKH
HQYLURQPHQWDO�SHUIRUPDQFH�RI�WKH�GULOOLQJ�IOXLG�XQGHU�VWDQGDUG�WHVW�SURWRFROV�DQG�WKH�WHFKQLFDO�MXVWLILFDWLRQ�IRU�WKH
SURSRVHG�XVH�RI�WKH�GULOOLQJ�IOXLGV��7KLV�IUDPHZRUN�RIIHUV�D�PRUH�KROLVWLF�DVVHVVPHQW�RI�WKH�SRWHQWLDO�HQYLURQPHQWDO
LPSDFWV�RI�D�GULOOLQJ�SURSRVDO��7KLV�SDSHU�FRQVLGHUV�HDFK�FULWHULRQ�LQ�WKLV�DVVHVVPHQW�DQG�LQWURGXFHV�FXWWLQJV�SLOH
UHPRYDO�DV�D�WRSLF�IRU�GLVFXVVLRQ�

&ROOLQV��*�-��DQG�:�:��:KLWH��������,PSURYHG�SUDFWLFHV��V\QWKHWLF�PXG�GULYH�UHFRUG����K\�GULOOLQJ��:RUOG�2LO�
0D\������������

$EVWUDFW���5HYLVHG�DQG�LPSURYHG�GULOOLQJ�SUDFWLFHV�UHVXOWHG�LQ�DQ�LQFUHDVHG�UDWH�RI�SHQHWUDWLRQ��523���LPSURYHG
KROH�FOHDQLQJ��GHFUHDVHG�FLUFXODWLQJ�WLPH��IHZHU�LQVWDQFHV�RI�VWXFN�SLSH��DQG�UHGXFHG�WRWDO�GULOOLQJ�GD\V��,Q�WKH
FHQWUDO�*XOI�RI�0H[LFR��D�WRWDO�SURMHFW�FRQFHSW�KHOSHG�0DUDWKRQ�GULOO�EDFN�WR�EDFN�UHFRUG����KU�IRRWDJHV��0HWKRGV
DQG�SKLORVRSK\�GHVFULEHG�LQ�WKLV�DUWLFOH�DOORZ�GULOOHUV�WR�FKRRVH�RSWLPXP�WHFKQRORJLHV��WRROV��PDWHULDOV�DQG�VHUYLFH
SHUIRUPDQFH�IRU�DFKLHYLQJ�RSWLPXP�RU�ORZHVW�FRVW�SHU�IRRW�UDWKHU�WKDQ�DOZD\V�XVLQJ�ORZ�ELG�

&RQWLQHQWDO�6KHOI�$VVRFLDWHV��,QF��������-RLQW�(3$�,QGXVWU\�VFUHHQLQJ�VXUYH\�WR�DVVHVV�WKH�GHSRVLWLRQ�RI�GULOO
FXWWLQJV�DQG�DVVRFLDWHG�V\QWKHWLF�EDVHG�PXG�RQ�WKH�VHDEHG�RI�WKH�/RXLVLDQD�&RQWLQHQWDO�6KHOI��*XOI�RI
0H[LFR��3UHSDUHG�IRU��$3,�+HDOWK�	�(QYLURQPHQWDO�6FLHQFHV�'HSW���:DVKLQJWRQ��'&��'DWD�5HSRUW�
&RQWLQHQWDO�6KHOI�$VVRFLDWHV��,QF���-XSLWHU��)/�����3DJHV�SOXV�DSSHQGLFHV�

$EVWUDFW��$�MRLQW�RLO�LQGXVWU\�FRDOLWLRQ�VSRQVRUHG�D�VFUHHQLQJ�VXUYH\�LQ�WKH�QRUWKZHVWHUQ�*XOI�RI�0H[LFR�WR�JDLQ
SUHOLPLQDU\�LQIRUPDWLRQ�RQ�6%0�FXWWLQJV�GHSRVLWLRQ��6%0�FRQFHQWUDWLRQV�LQ�PDULQH�VHGLPHQWV�QHDU�SODWIRUPV�WKDW
UHFHQWO\�KDYH�GLVFKDUJHG�6%0�FXWWLQJV��QHDUILHOG�VHGLPHQW�DQR[LD��FKDUDFWHULVWLFV�RI�EHQWKLF�FRPPXQLWLHV�QHDU�6%0
FXWWLQJV�GLVFKDUJHV��DQG�WKH�WR[LFLW\�RI�VHGLPHQWV�QHDU�SODWIRUPV�

)LHOG�VDPSOLQJ�ZDV�SUHIRUPHG�LQ�$XJXVW������DURXQG�WKUHH�SODWIRUPV�RII�/RXLVLDQD��*UDQG�,VOH���$��6RXWK�0DUVK
,VODQG���&��DQG�6RXWK�7LPEDOLHU�����(����6HGLPHQW�VDPSOLQJ�ZDV�SUHIRUPHG�DW�HDFK�SODWIRUP�LQ�D�UDGLDO�JULG�DW
GLVWDQFHV�RI����������DQG�������P�IURP�WKH�SODWIRUP��6HGLPHQW�JUDE�VDPSOHV�ZHUH�FROOHFWHG�DW�HDFK�VWDWLRQ�IRU
DQDO\VLV�RI�6%0�DVVRFLDWHG�K\GURFDUERQV��WRWDO�RUJDQLF�FDUERQ��SRO\F\FOLF�DURPDWLF�K\GURFDUERQV��VHGLPHQW�JUDLQ
VL]H��SUHVHQFH�RI�GULOO�FXWWLQJV��RGRU��YLVXDO�FKDUDFWHULVWLFV��DQG��DW�VHOHFWHG�VWDWLRQV�R[LGDWLRQ�UHGXFWLRQ�SRWHQWLDO�
*UDE�VDPSOHV�IRU�PDFURLQIXDQDO�DQDO\VLV�ZHUH�FROOHFWHG�DW�WKH�*UDQG�,VOH�DQG�0DUVK�,VODQG�SODWIRUPV��DQG�JUDE
VDPSOHV�IRU�VHGLPHQW�WR[LFLW\�WHVWLQJ�ZHUH�FROOHFWHG�DW�VHOHFWHG�VWDWLRQV�DURXQG�DOO�WKUHH�SODWIRUPV�



��

+\GURJUDSKLF�SURILOHV�DW�WKH�WKUHH�SODWIRUPV�LQGLFDWHG�WKH�SUHVHQFH�RI�D�S\FQRFOLQH�LQ�WKLV�DUHD�RI�WKH�*XOI�GXULQJ
$XJXVW��'HHS�ZDWHU�LQ�PXFK�RI�WKH�DUHD�ZDV�K\SR[LF��$�QHDU�ERWWRP�QHSKORLG�OD\HU�ZDV�GHWHFWHG�DURXQG�WKH
SODWIRUPV��7KH�ERWWRP�ZDWHU�K\SR[LD�DQG�QHSKORLG�OD\HU�DUH�ZLGHVSUHDG�GXULQJ�WKH�VXPPHU�RII�/RXLVLDQD�

6%0�K\GURFDUERQV�ZHUH�GHWHFWHG�LQ�VRPH�VHGLPHQW�VDPSOHV�QHDU�WKH�SODWIRUPV��$�VHGLPHQW�VDPSOH�IURP�*,���$
6WDWLRQ���FRQWDLQHG����72&�DQG��������PJ�NJ�ZHW�ZHLJKW�6%0�K\GURFDUERQV��6HGLPHQW�LQ�WKLV�VDPSOH�KDG�DQ�H+
RI�¤����P9��FKDUDFWHULVWLF�RI�DQ�DQR[LF�VHGLPHQW�

6HGLPHQW�WR[LFLW\�ZDV�GHWHUPLQHG�ZLWK�WKH�DPSKLSRGV�/HSWRFKHLUXV�SOXPXORVXV�DQG�$PSHOLVFD�DEGLGD��6XUYLYDO�RI
WKH�DPSKLSRGV�LQ�DOO�VHGLPHQW�VDPSOHV�ZDV�DERXW�����DQG������UHVSHFWLYHO\��LQGLFDWLQJ�QR�WR[LFLW\��7KH�VHGLPHQW
VDPSOHV�XVHG�IRU�ELRDVVD\V�GLG�QRW�FRQWDLQ�PHDVXUDEOH�FRQFHQWUDWLRQV�RI�6%0�K\GURFDUERQV�

'DDQ��5���.��%RRLM��0��0XOGHU�DQG�(�0��YDQ�:HHUOHH��������(QYLURQPHQWDO�HIIHFWV�RI�D�GLVFKDUJH�RI�GULOO
FXWWLQJV�FRQWDPLQDWHG�ZLWK�HVWHU�EDVHG�GULOOLQJ�PXGV�LQ�WKH�1RUWK�6HD��(QYLURQPHQWDO�7R[LFRORJ\�DQG
&KHPLVWU\�������������������

$EVWUDFW��$�ILHOG�PRQLWRULQJ�SURJUDP�KDV�EHHQ�FDUULHG�RXW�WR�DVVHVV�WKH�HQYLURQPHQWDO�HIIHFWV�DVVRFLDWHG�ZLWK�GULOO
FXWWLQJ�GLVFKDUJHV�DW�D�GULOOLQJ�ORFDWLRQ�LQ�WKH�1RUWK�6HD��DIWHU�GULOOLQJ�ZLWK�HVWHU�EDVHG�PXGV��7KH�VWXG\�LQFOXGHG�D
EDVHOLQH�VXUYH\�MXVW�EHIRUH�GULOOLQJ�VWDUWHG�DQG�WKUHH�SRVWGULOOLQJ�VXUYH\V��������DQG����PRQWKV�DIWHU�WHUPLQDWLRQ�RI
GULOOLQJ��'XULQJ�WKHVH�VXUYH\V��HVWHU�FRQFHQWUDWLRQV�DQG�PDFURIDXQD�GHQVLWLHV�ZHUH�GHWHUPLQHG�DW�GLVWDQFHV�EHWZHHQ
���DQG�������P�IURP�WKH�ZHOO��)RU�WKH�ILUVW�DQG�VHFRQG�SRVWGULOOLQJ�VXUYH\V��HVWHU�FRQFHQWUDWLRQV�UDQJHG�EHWZHHQ��
DQG�������PJ±NJ¤Ö�GU\�VHGLPHQW��'XULQJ�WKH�WKLUG�VXUYH\��HVWHUV�ZHUH�GHWHFWHG�XS�WR�����P�IURP�WKH�SODWIRUP��ZLWK
FRQFHQWUDWLRQV�EHWZHHQ���DQG�����PJ±NJ¤Ö�GU\�VHGLPHQW��%HWZHHQ�����DQG�������P��HVWHU�FRQFHQWUDWLRQV�ZHUH
EHORZ�GHWHFWLRQ�OHYHO��7KH�KDOI�OLIH�ZDV�HVWLPDWHG�DW�����G��7KLV�YDOXH�UHIOHFWV�WKH�FRPSRVLWH�HIIHFWV�RI
ELRGHJUDGDWLRQ�DQG�VHGLPHQW�UHORFDWLRQ��'XULQJ�WKH�VHFRQG�SRVWGULOOLQJ�VXUYH\��D�UHGXFHG�DEXQGDQFH�DV�ZHOO�DV�D
UHGXFHG�VSHFLHV�ULFKQHVV�RI�WKH�PDFURIDXQD�ZDV�REVHUYHG�XS�WR�����P�IURP�WKH�ZHOO��$OVR��WKH�SUHVHQFH�RI�&DSLWHOOD
FDSLWDWD�ZDV�DQ�REYLRXV�VLJQ�RI�GLVWXUEHG�VHGLPHQW�FRQGLWLRQV�LQ�WKLV�DUHD��$�IHZ�VSHFLHV�VKRZHG�DEXQGDQFH
JUDGLHQWV�RYHU�WKH�ZKROH�VDPSOLQJ�WUDQVHFW�DQG�RFFXUUHG�LQ�UHGXFHG�DEXQGDQFH�XS�WR�����RU�������P�FRPSDUHG�WR
WKH�������P�UHIHUHQFH�VWDWLRQ��7KH�WKLUG�SRVWGULOOLQJ�VXUYH\�FOHDUO\�UHYHDOHG�HIIHFWV�DW����WR�����P�IURP�WKH�ZHOO�
$OWKRXJK�WKH�UHVXOWV�RI�WKH�SUHVHQW�VWXG\�VKRZ�WKDW�HIIHFWV�KDG�QRW�FRPSOHWHO\�GLVDSSHDUHG�DIWHU���\HDU��WKHUH�DUH
VLJQV�RI�UHFRYHU\�RI�WKH�PDFUREHQWKRV��EHFDXVH�D�UHDVRQDEOH�QXPEHU�RI�VSHFLHV�KDG�UHFRORQL]HG�WKH�DUHD�LQ�WKH
YLFLQLW\�RI�WKH�ZHOO�VLWH��SDUWLFXODUO\�DW��������P��LQ�IDLUO\�KLJK�QXPEHUV�

GH�*URRW��6�-��������4XDQWLWDWLYH�DVVHVVPHQW�RI�WKH�GHYHORSPHQW�RI�WKH�RIIVKRUH�RLO�DQG�JDV�LQGXVWU\�LQ�WKH�1RUWK
6HD��,&(6�-RXUQDO�RI�0DULQH�6FLHQFH���������������

$EVWUDFW��$Q�RYHUYLHZ�LV�JLYHQ�RI�WKH�GHYHORSPHQW�RI�WKH�RIIVKRUH�RLO�DQG�JDV�LQGXVWU\�LQ�WKH�1RUWK�6HD�DQG�WKH
SRVVLEOH�SK\VLFDO�LPSDFW�RQ�WKH�HFRV\VWHP�LQ�WKH�VKRUW�DQG�ORQJ�WHUP��7KH�RUGHU�RI�PDJQLWXGH�RI�VHYHUDO�DFWLYLWLHV
�VHLVPLF�H[SORUDWLRQ��GULOOLQJ��SODWIRUPV��SLSHOLQHV��VXEVHD�IDFLOLWLHV��DQG�JDV�IODULQJ��KDV�EHHQ�HVWLPDWHG�RQ�WKH
EDVLV�RI�LQIRUPDWLRQ�IURP�QDWLRQDO�DXWKRULWLHV�DQG�WKH�K\GURFDUERQ�LQGXVWU\�

%HWZHHQ������DQG�������WKH�8�.�GULOOHG�D�WRWDO�RI������H[SORUDWLRQ�ZHOOV������DSSUDLVDO�ZHOOV��DQG������SURGXFWLRQ
ZHOOV�LQ�WKH�1RUWK�6HD��7KH�1HWKHUODQGV�GULOOHG�����H[SORUDWLRQ������DSSUDLVDO��DQG�����SURGXFWLRQ�ZHOOV��1RUZD\
GULOOHG�����ZHOOV�LQ�WKH�1RUWK�6HD�WKURXJK�������'HQPDUN�KDV�GULOOHG�PRUH�WKDQ�����H[SORUDWLRQ�ZHOOV�DQG���
GHYHORSPHQW�ZHOOV�VLQFH�������$Q�HVWLPDWHG���PLOOLRQ�P��RI�FXWWLQJV�ZDV�GLVFKDUJHG�WR�WKH�1RUWK�6HD�IURP�DOO�WKH
ZHOOV�GULOOHG�WKHUH�EHWZHHQ������DQG������

'HJRX\��'���-��)��$UJLOOLHU��$��'HPRXOLQ��DQG�)��9HOJKH��������%LRGHJUDGDEOH�PXGV��DQ�DWWUDFWLYH�DQVZHU�WR
HQYLURQPHQWDO�OHJLVODWLRQV�DURXQG�RIIVKRUH�GULOOLQJ��63(��������3DJHV���������,Q��2IIVKRUH�(XURSHDQ
&RQIHUHQFH��$EHUGHHQ��6FRWODQG�������6HSWHPEHU�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF�
5LFKDUGVRQ��7;�

$EVWUDFW��)RU�PDQ\�\HDUV��RLO�EDVHG�PXGV�KDYH�VKRZQ�SURRI�RI�HIILFLHQF\�WRZDUGV�KRVWLOH�GULOOLQJ�FDVHV�HVSHFLDOO\
ZDWHU�VHQVLWLYH�VKDOHV�RU�KLJK�WHPSHUDWXUH�ZHOOV��+RZHYHU��WKHLU�XVH�LV�VXEMHFWHG�WR�PRUH�DQG�PRUH�FRQVWUDLQWV�GXH
WR�WKH�IDVW�HYROXWLRQ�RI�HQYLURQPHQWDO�OHJLVODWLRQ��2QH�RI�WKH�SRVVLELOLWLHV�WR�DYRLG�WKLV�SUREOHP�ZKLOH�NHHSLQJ�WKH
DGYDQWDJHV�RI�RLO�PXGV�FRQVLVWV�LQ�VXEVWLWXWLQJ�PLQHUDO�RLOV�E\�ELRGHJUDGDEOH�YHJHWDEOH�RLOV�VXFK�DV�IDWW\�DFLG�HVWHUV�
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��

7KH�HVWHUV�XVHG�LQ�WKHVH�QHZ�RLO�EDVHG�PXGV�KDYH�DQ�DHURELF�ELRGHJUDGDELOLW\�RI�PRUH�WKDQ�����DIWHU���ZHHNV�DQG
DQ�DQDHURELF�ELRGHJUDGDELOLW\�RI�PRUH�WKDQ�����DIWHU���PRQWKV�

$Q�RULJLQDO�IRUPXODWLRQ�KDV�EHHQ�GHYHORSHG��SUHVHQWLQJ�YHU\�JRRG�SURSHUWLHV�XS�WR�����&��,WV�SHUIRUPDQFH�LV�EDVHG
RQ�D�SURSHU�FKRLFH�RI�HVWHU�TXDOLW\��HPXOVLI\LQJ�V\VWHP�DQG�DGGLWLYHV�W\SHV��DQG�RQ�D�VHYHUH�FRQWURO�RI�OLPH
FRQFHQWUDWLRQ�WR�DYRLG�DQ\�ULVNV�RI�HVWHU�K\GURO\VLV�LQ�FRQMXQFWLRQ�WR�S+�DQG�WHPSHUDWXUH��,WV�EHKDYLRU�KDV�EHHQ
VWXGLHG�XQGHU�ERWWRPKROH�FRQGLWLRQV��XVLQJ�D�KRPH�PDGH�+7�+3�IORZ�ORRS��GXULQJ�DJLQJ��&RQWDPLQDWLRQ�WHVWV
GHPRQVWUDWHG�WKH�DELOLW\�RI�HVWHU�EDVHG�PXGV�WR�UHVLVW�SRVVLEOH�FRQWDPLQDWLRQ�L�H���VHD�ZDWHU��GULOOHG�VROLGV��FHPHQWV
GXULQJ�WKH�GULOOLQJ�SURFHVV�

'HUNLHV��'�/��DQG�6�+��6RXGHUV��������3ROOXWLRQ�SUHYHQWLRQ�DQG�ZDVWH�PLQLPL]DWLRQ�RSSRUWXQLWLHV�IRU
H[SORUDWLRQ�DQG�SURGXFWLRQ�RSHUDWLRQV��63(��������3DJHV�������,Q��63(�(3$�([SORUDWLRQ�	
3URGXFWLRQ�(QYLURQPHQWDO�&RQIHUHQFH��6DQ�$QWRQLR��7;�������0DUFK�������6RFLHW\�RI�3HWUROHXP
(QJLQHHUV��5LFKDUGVRQ��7;�

$EVWUDFW��,Q�D�FRQWLQXLQJ�HIIRUW�WR�HQFRXUDJH�LPSURYHPHQWV�LQ�WKH�PDQDJHPHQW�RI�H[SORUDWLRQ�DQG�SURGXFWLRQ
�(	3��ZDVWHV��WKH�2IILFH�RI�6ROLG�:DVWH��26:��RI�WKH�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��(3$��LV�LGHQWLI\LQJ
SUDFWLFHV�DQG�WHFKQRORJLHV�WKDW�PD\�FRQWULEXWH�WR�SROOXWLRQ�SUHYHQWLRQ�DQG�ZDVWH�PLQLPL]DWLRQ�ZKHQ�DSSOLHG�WR
(	3�RSHUDWLRQV��7KH�VRXUFHV�RI�WKLV�LQIRUPDWLRQ�LQFOXGH�WUDGH�OLWHUDWXUH��SURGXFW�OLWHUDWXUH��DQG�SDWHQWV��2QFH
LGHQWLILHG��GHWDLOV�RI�WKHVH�SUDFWLFHV�DQG�WHFKQRORJLHV�PD\�EH�FRPSLOHG�LQ�D�GDWDEDVH�ZKHUH�WKH�LQIRUPDWLRQ�PD\�EH
HDVLO\�DFFHVVHG�DQG�XOWLPDWHO\�XVHG�LQ�WKH�GHYHORSPHQW�RI�RXWUHDFK�PDWHULDOV�IRU�LQGXVWU\�

6HYHUDO�QRWDEOH�SUDFWLFHV�DQG�WHFKQRORJLHV�LGHQWLILHG�WR�GDWH�DUH�GLVFXVVHG�LQ�WKLV�SDSHU�DORQJ�ZLWK�UHVXOWV�RI�ILHOG
WULDOV�ZKHUH�DYDLODEOH��$OWKRXJK�PDQ\�KDYH�DOUHDG\�EHHQ�GHVFULEHG�LQ�WKH�OLWHUDWXUH��WKH�LQWHQW�RI�WKH�DXWKRUV�LV�WR
SUHVHQW�D�EULHI�RYHUYLHZ�RI�VHOHFWHG�SROOXWLRQ�SUHYHQWLRQ�DQG�ZDVWH�PLQLPL]DWLRQ�FRQFHSWV�LQ�RUGHU�WR�VWLPXODWH
IXUWKHU�LQYHVWLJDWLRQ�DQG�GLVFXVVLRQ�

'HW�1RUVNH�9HULWDV��������*\GD�ZHOO�VLWH�������HQYLURQPHQWDO�VXUYH\�������'HW�1RUVNH�9HULWDV�,QGXVWU\
7HFKQLFDO�5HSRUW�QU����������

6,��������*\GD�ZHOO�VLWH�������HQYLURQPHQWDO�VXUYH\�������6HQWHU�IRU�LQGXVWULIRUVNQLQJ�UDSSRUW�QU������������

6,17()��������*\GD�ZHOO�VLWH�������HQYLURQPHQWDO�VXUYH\�������6,17()�UDSSRUW�QU��67)���6)������

$EVWUDFW���7KHVH�WKUHH�SDSHUV�SURYLGH�WKH�UHVXOWV�RI�WKUHH�ILHOG�VXUYH\V�XQGHUWDNHQ�DIWHU�GULOOLQJ�WKH�*\GD�ZHOO
RIIVKRUH�1RUZD\�ZLWK�DQ�HWKHU�6%0���7KH�VXUYH\V�IRXQG�HOHYDWHG�FRQFHQWUDWLRQV�RI�HWKHU�LQ�VHGLPHQWV�DW�GLVWDQFHV
XS�WR�����P�IURP�WKH�GLVFKDUJH�LPPHGLDWHO\�DIWHU�GULOOLQJ���$IWHU�RQH�\HDU��VRPH�VDPSOHV�VKRZHG�D�UHGXFWLRQ�RI
HWKHU�6%0�EXW�RWKHUV�VKRZHG�DQ�LQFUHDVH���1RUPDOL]LQJ�WKH�FRQFHQWUDWLRQ�RI�HWKHU�UHODWLYH�WR�%D�LQ�VHGLPHQWV
VXJJHVWHG�WKDW�WKHUH�ZDV�OLWWOH�HYLGHQFH�IRU�ELRGHJUDGDWLRQ�DIWHU�RQH�\HDU��6FKDDQQLQJ�HW�DO����������$IWHU�WZR�\HDUV�
FRQFHQWUDWLRQV�RI�HWKHU�6%0�LQ�VHGLPHQWV�KDG�GHFOLQHG�WR�YHU\�ORZ�OHYHOV������PJ�NJ��

(OI�$NXDPLOMR��������%LRGHJUDGDELOLW\�RI�&KHPLFDO�6XEVWDQFHV�LQ�6HDZDWHU���5HVXOWV�RI�DOO�IRXU�263$5&20
ULQJ�WHVWV���(OI�$NXDPLOMR�DW�,QVWLWXWH�GHV�$PHQDJHPHQWV�5HJLRQDX[�HW�GH�O©(QYLURQQHPHQW�
1RYHPEHU�����

$EVWUDFW���7KH�REMHFWLYH�RI�WKLV�VWXG\�ZDV�WR�HYDOXDWH�DQG�FRPSDUH�GLIIHUHQW�SURFHGXUHV�IRU�WHVWLQJ�ELRGHJUDGDWLRQ
RI�FKHPLFDOV�LQ�VHDZDWHU���7KH�IRXU�SURFHGXUHV�ZHUH�VXJJHVWHG�E\�PHPEHUV�RI�WKH�2VOR�DQG�3DULV�&RPPLVVLRQ
�263$5��DQG�LQFOXGHG��2(&'�*XLGHOLQH�����&ORVHG�%RWWOH�7HVW��0DULQH�%2',6�7HVW��0DULQH�&2��(YROXWLRQ
7HVW��DQG�0DULQH�&2��+HDGVSDFH�7HVW���)RXU�WHVW�VXEVWDQFHV�ZHUH�XVHG��WZR�RI�ZKLFK�ZHUH�FRQVLGHUHG�WR�EH
UHDGLO\�ELRGHJUDGDEOH��VRGLXP�EHQ]RDWH�DQG�DQ�HVWHU�EDVHG�GULOOLQJ�IOXLG��DQG�WZR�WKDW�ZHUH�OHVV�UHDGLO\
ELRGHJUDGDEOH��SHQWDHU\WKULWRO�DQG�DQ�HWKHU�GULOOLQJ�IOXLG����(DFK�PDWHULDO�ZDV�WHVWHG�LQ����GLIIHUHQW�ODERUDWRULHV�

7KH�IRXU�PHWKRGV�SURYLGHG�VLPLODU�UHVXOWV�IRU�HDFK�RI�WKH�IRXU�VXEVWDQFHV�WHVWHG���7KH�WHVWV�VKRZHG�WKDW�WKH�HVWHU
EDVHG�GULOOLQJ�IOXLG�ZDV�UHDGLO\�ELRGHJUDGHDEOH�RYHU�WKH����GD\�WHVW�SHULRG���3HUFHQW�GHJUDGDWLRQ�DIWHU����GD\V
UDQJHG�IURP����WR�����EXW�ZDV�XVXDOO\�JUHDWHU�WKDQ�������+RZHYHU��WKH�HWKHU�EDVHG�GULOOLQJ�IOXLG�ZDV�FRQVLGHUHG
QRW�ELRGHJUDGHDEOH�DV�WKH�����ELRGHJUDGDWLRQ�WKUHVKROG�VHW�IRU�WKH�WHVW�ZDV�QHYHU�DFKLHYHG���3HUFHQW
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��

ELRGHJUDGDWLRQ�RI�WKH�HWKHU�DIWHU����GD\V�ZDV�OHVV�WKDQ�DSSUR[LPDWHO\�����IRU�DOO�IRXU�WHVWV�

(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������'HYHORSPHQW�GRFXPHQW�IRU�SURSRVHG�HIIOXHQW�OLPLWDWLRQV�JXLGHOLQHV
DQG�VWDQGDUGV�IRU�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV�DQG�RWKHU�QRQ�DTXHRXV�GULOOLQJ�IOXLGV�LQ�WKH�RLO�DQG
JDV�H[WUDFWLRQ�SRLQW�VRXUFH�FDWHJRU\��(3$�����%���������2IILFH�RI�:DWHU��2IILFH�RI�6FLHQFH�DQG
7HFKQRORJ\��(QJLQHHULQJ�DQG�$QDO\VLV�'LYLVLRQ��8�6��:DVKLQJWRQ��'&��9DULRXV�3DJHV�

$EVWUDFW��7KLV�GHYHORSPHQW�GRFXPHQW�SURYLGHV�D�FRPSUHKHQVLYH�GHVFULSWLRQ�RI�FXUUHQW�DQG�DYDLODEOH�SUDFWLFHV�IRU
XVH�DQG�GLVFKDUJH�RI�6%0V�WR�WKH�RFHDQ�IURP�RIIVKRUH�SODWIRUPV��7KLV�WHFKQLFDO�GRFXPHQW�LV�XVHG�DV�WKH�EDVLV�DQG
MXVWLILFDWLRQ�IRU�UHFRPPHQGHG�HIIOXHQW�OLPLWDWLRQV�JXLGHOLQHV�DQG�QHZ�VRXUFH�SHUIRUPDQFH�VWDQGDUGV�IRU�V\QWKHWLF�
EDVHG�DQG�RWKHU�QRQ�DTXHRXV�GULOOLQJ�IOXLGV�LQ�WKH�RLO�DQG�JDV�H[WUDFWLRQ�SRLQW�VRXUFH�FDWHJRU\��(3$���������7KH
GRFXPHQW�GHVFULEHV�

x� WKH�OHJDO�DXWKRULW\�RI�(3$�WR�UHJXODWH�6%0�GLVFKDUJH�

x� WKH�SXUSRVH�DQG�VXPPDU\�RI�WKH�SURSRVHG�UHJXODWLRQ�

x� D�GHILQLWLRQ�RI�6%0�DQG�DVVRFLDWHG�ZDVWH�VWUHDPV�

x� D�GHVFULSWLRQ�RI�WKH�RIIVKRUH�RLO�LQGXVWU\�LQ�WKH�*XOI�RI�0H[LFR��ZLWK�HPSKDVLV�RI�GULOOLQJ�SUDFWLFHV�

x� D�GHVFULSWLRQ�RI�GDWD�DQG�LQIRUPDWLRQ�JDWKHULQJ�IRU�WKH�GHYHORSPHQW�GRFXPHQW�

x� VHOHFWLRQ�RI�SROOXWDQW�SDUDPHWHUV�WR�PHDVXUH�LQ�6%0�FXWWLQJV�

x� GULOOLQJ�ZDVWHV�FKDUDFWHUL]DWLRQ��FRQWURO��DQG�WUHDWPHQW�

x� FRPSOLDQFH�FRVW�DQG�SROOXWLRQ�UHGXFWLRQ�GHWHUPLQDWLRQ�RI�GULOOLQJ�IOXLGV�DQG�GULOO�FXWWLQJV�

x� QRQ�ZDWHU�TXDOLW\�HQYLURQPHQWDO�LPSDFWV�DQG�RWKHU�IDFWRUV�

x� RSWLRQV�VHOHFWLRQ�UDWLRQDOH��DQG

x� UHIHUHQFHV�

(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������(IIOXHQW�/LPLWDWLRQV�*XLGHOLQHV�DQG�1HZ�6RXUFH�3HUIRUPDQFH�6WDQGDUGV
IRU�6\QWKHWLF�%DVHG�DQG�2WKHU�1RQ�$TXHRXV�'ULOOLQJ�)OXLGV�LQ�WKH�2LO�DQG�*DV�([WUDFWLRQ�3RLQW�6RXUFH
&DWHJRU\��3URSRVHG�5XOH��3DUW�,,,�����&)5�3DUW������)HGHUDO�5HJLVWHU�������������������

$EVWUDFW��(3$�LV�SURSRVLQJ�WR�DPHQG�WKH�UHJXODWLRQ�E\�SURYLGLQJ�VSHFLILF�UHTXLUHPHQWV�IRU�WKH�GLVFKDUJH�RI
V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��6%)V��DQG�RWKHU�QRQ�DTXHRXV�GULOOLQJ�IOXLGV��7KH�ZDVWH�VWUHDPV�WKDW�ZRXOG�EH
OLPLWHG�DUH�GULOOLQJ�IOXLGV�DQG�GULOO�FXWWLQJV��&RQWUROOLQJ�WKH�GLVFKDUJH�RI�6%)V�DV�SURSRVHG�WRGD\�ZRXOG�UHGXFH�WKH
GLVFKDUJH�RI�6%)V�E\������PLOOLRQ�SRXQGV�DQQXDOO\��)XUWKHU��DOORZLQJ�UDWKHU�WKDQ�SURKLELWLQJ�WKH�GLVFKDUJH�RI�6%)V
ZRXOG�VXEVWDQWLDOO\�UHGXFH�QRQ�ZDWHU�TXDOLW\�HQYLURQPHQWDO�LPSDFWV�FRPSDUHG�WR�WKH�]HUR�GLVFKDUJH�RSWLRQ��(3$
HVWLPDWHV�WKDW�DOORZLQJ�GLVFKDUJH�ZLOO�UHGXFH�DLU�HPLVVLRQV�RI�WKH�FULWHULD�DLU�SROOXWDQWV�E\�����WRQV�SHU�\HDU�
GHFUHDVH�IXHO�XVH�E\��������EDUUHOV�SHU�\HDU�RI�RLO�HTXLYDOHQW��DQG�UHGXFH�WKH�JHQHUDWLRQ�RI�RLO\�GULOO�FXWWLQJV�ZDVWHV
UHTXLULQJ�RIIVLWH�GLVSRVDO�E\�����PLOOLRQ�SRQGV�SHU�\HDU�

(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������(QYLURQPHQWDO�$VVHVVPHQW�RI�3URSRVHG�(IIOXHQW�/LPLWDWLRQV�*XLGHOLQHV
DQG�6WDQGDUGV�IRU�6\QWKHWLF�%DVHG�'ULOOLQJ�)OXLGV�DQG�2WKHU�1RQ�$TXHRXV�'ULOOLQJ�)OXLGV�LQ�WKH�2LO�DQG
*DV�([WUDFWLRQ�3RLQW�6RXUFH�&DWHJRU\��(3$�����%���������8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH
RI�:DWHU��2IILFH�RI�6FLHQFH�DQG�7HFKQRORJ\��(QJLQHHULQJ�DQG�$QDO\VLV�'LYLVLRQ��:DVKLQJWRQ��'&��9DULRXV
3DJHV�



��

$EVWUDFW��7KLV�HQYLURQPHQWDO�DVVHVVPHQW�FRQVLVWV�RI�DQ�HYDOXDWLRQ�RI�WKH�HFRORJLFDO�DQG�LQGLUHFW�KXPDQ�KHDOWK
LPSDFWV�IRU�WKH�GLVFKDUJH�RI�FXWWLQJV�FRQWDPLQDWHG�ZLWK�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��6%)V��ZLWK�UHVSHFW�WR
GLVFKDUJHV�WR�ZDWHU��,Q�DGGLWLRQ��WKLV�GRFXPHQW�GHVFULEHV�WKH�HQYLURQPHQWDO�FKDUDFWHULVWLFV�RI�6%)�GULOOLQJ�ZDVWHV
�H�J���WR[LFLW\��ELRDFFXPXODWLRQ��ELRGHJUDGDWLRQ���WKH�W\SHV�RI�DQWLFLSDWHG�LPSDFWV��DQG�WKH�SROOXWDQW�PRGHOLQJ
UHVXOWV�IRU�ZDWHU�FROXPQ�FRQFHQWUDWLRQV��SRUH�ZDWHU�FRQFHQWUDWLRQV��DQG�KXPDQ�KHDOWK�HIIHFWV�YLD�FRQVXPSWLRQ�RI
DIIHFWHG�VHDIRRG��7KLV�GRFXPHQW�GRHV�QRW�FRQVLGHU�WKH�SRWHQWLDO�QRQ�ZDWHU�TXDOLW\�HQYLURQPHQWDO�HIIHFWV�DVVRFLDWHG
ZLWK�WKH�SURSRVHG�UXOH�

0RGHOHG�GLOXWLRQV�RI�6%0�FXWWLQJV�LQ�WKH�*XOI�RI�0H[LFR�LQGLFDWH�DQ�LQLWLDO�GLOXWLRQ�RI�������IROG�ZLWKLQ�RQH�PLQXWH
RI�GLVFKDUJH�DQG�D�GLOXWLRQ�RI��������IROG�ZLWKLQ����PLQXWHV��7R[LFLWLHV�RI�V\QWKHWLF�EDVH�FKHPLFDOV�DQG�GULOOLQJ
PXGV�WR�EHQWKLF�RUJDQLVPV�KDYH�EHHQ�HYDOXDWHG��'LHVHO�IXHO�DQG�PLQHUDO�RLO�XVXDOO\�DUH�VXEVWDQWLDOO\�PRUH�WR[LF
WKDQ�,2��DQG�3$2��2OHILQ�W\SH�V\QWKHWLF�EDVH�IOXLGV�KDYH�ORJ�RFWDQRO�ZDWHU�SDUWLWLRQ�FRHIILFLHQWV��ORJ�.RZ��JHQHUDOO\
KLJKHU�WKDQ����LQGLFDWLQJ�OLWWOH�RU�QR�SRWHQWLDO�WR�ELRDFFXPXODWH�LQ�WKH�WLVVXHV�RI�PDULQH�DQLPDOV��(VWHUV�KDYH�D�ORJ
.RZ�RI�DERXW�������LQGLFDWLQJ�D�OLPLWHG�SRWHQWLDO�WR�ELRDFFXPXODWH��2QH�,2�FRQWDLQLQJ����WR����FDUERQV�ZDV�UHSRUWHG
WR�ELRDFFXPXODWH�LQ�PXVVHOV�

(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������2LO�DQG�*DV�([WUDFWLRQ�3RLQW�6RXUFH�&DWHJRU\��)LQDO�(IIOXHQW�/LPLWDWLRQV
*XLGHOLQHV�DQG�6WDQGDUGV�IRU�WKH�&RDVWDO�6XEFDWHJRU\��)LQDO�5XOH��3DUW�,,,�����&)5�3DUW������)HGHUDO
5HJLVWHU����������������������������

$EVWUDFW��7KLV�UHJXODWLRQ�HVWDEOLVKHV�HIIOXHQW�OLPLWDWLRQV�JXLGHOLQHV�DQG�QHZ�VRXUFH�SHUIRUPDQFH�VWDQGDUGV��1636�
IRU�GLUHFW�GLVFKDUJHV�EDVHG�RQ��EHVW�SUDFWLFDEOH�FRQWURO�WHFKQRORJ\�FXUUHQWO\�DYDLODEOH���%37�����EHVW�FRQYHQWLRQDO
SROOXWDQW�FRQWURO�WHFKQRORJ\���%&7����EHVW�DYDLODEOH�WHFKQRORJ\�HFRQRPLFDOO\�DFKLHYDEOH���%$7���DQG��EHVW
DYDLODEOH�GHPRQVWUDWHG�FRQWURO�WHFKQRORJ\���%$'&7��IRU�QHZ�VRXUFHV�

)HFKKHOP��5�*���%�-��*DOODZD\�DQG�-�0��)DUPHU��������'HHSZDWHU�VDPSOLQJ�DW�D�V\QWKHWLF�GULOOLQJ�PXG�GLVFKDUJH
VLWH�RQ�WKH�2XWHU�&RQWLQHQWDO�6KHOI��1RUWKHUQ�*XOI�RI�0H[LFR��63(��������3DJHV���������,Q������
63(�(3$�([SORUDWLRQ�DQG�3URGXFWLRQ�(QYLURQPHQWDO�&RQIHUHQFH��$XVWLQ��7;�����)HEUXDU\���0DUFK������
6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��5LFKDUGVRQ��7;�

$EVWUDFW��%HWZHHQ������DQG�������%3�([SORUDWLRQ�GULOOHG�WHQ�ZHOOV�IURP�D�VLQJOH�MDFNHW�DW�D�GHSWK�RI�����PHWHUV�LQ
006�/HDVH�%ORFN�9LRVFD�.QROO������3RPSDQR�3KDVH�,���3URGXFWLRQ�EHJDQ�LQ�2FWREHU�������7KH�VHFRQG�SKDVH�
XWLOL]LQJ�D�VXEVHD�WHPSODWH��ZDV�GULOOHG�EHWZHHQ������DQG������DW�D�GHSWK�RI�����PHWHUV�LQ�0LVVLVVLSSL�&DQ\RQ
%ORFN�����IRXU�PLOHV�GRZQVORSH��3RPSDQR�3KDVH�,,���%RWK�ZDWHU�EDVHG�PXGV�DQG�V\QWKHWLF�PXGV�ZHUH�XVHG��$Q
DGGLWLRQDO�ZHOO�ZDV�GULOOHG�DW�0LVVLVVLSSL�&DQ\RQ����LQ�HDUO\�������7KLV�UHYLHZ�GHVFULEHV�WKH�SURFHGXUHV�XVHG�WR
VXUYH\�WKH�GHHSZDWHU�VHDIORRU�LQ�-XO\������DQG�0DUFK������XVLQJ�D�UHPRWH�RSHUDWHG�YHKLFOH��529���,QFOXGHG�DUH
TXDOLWDWLYH�DQG�TXDQWLWDWLYH�VDPSOLQJ�RI�WKH�ERWWRP�VHGLPHQW�IRU�FKHPLFDO�DQG�EHQWKLF�DQDO\VHV�XVLQJ�FRUH�VDPSOHUV
DQG�YLGHRWUDQVHFWV�IRU�LGHQWLILFDWLRQ�DQG�HQXPHUDWLRQ�RI�ILVK�DQG�ODUJH�LQYHUWHEUDWHV�

7KH�JRDOV�RI�WKLV�SURMHFW�ZHUH�WR�GRFXPHQW��WKH�VL]H�DQG�H[WHQW�RI�WKH�FXWWLQJV�SLOHV�IROORZLQJ�WZR��\HDUV�RI�D�PXOWL�
ZHOO�GHYHORSPHQW�GULOOLQJ�SURJUDP�LQ�WKH�GHHS�*XOI��WKH�FRQFHQWUDWLRQV�RI�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��6%)V��LQ
VHGLPHQWV�DURXQG�WKH�GULOOLQJ�WHPSODWH��DQG�WKH�DSSHDUDQFH�RI�WKH�ERWWRP�VHGLPHQWV�ZLWK�UHVSHFW�WR�FKHPLFDO
DFWLYLW\�DQG�GHQVLWLHV�RI�PDFURIDXQD�DQG�PHJDIDXQD�DW�WKH�VDPH�ORFDWLRQV��7KH�PDLQ�SXUSRVHV�RI�WKH�IROORZ�XS�VWXG\
ZHUH�WR�FRPSDUH�ILQGLQJV�ZLWK�WKRVH�VHHQ�HDUOLHU�DQG�WR�LGHQWLI\�FKDQJHV�LQ�WKH�VWUXFWXUH�RI�WKH�ORFDO�PDFURIDXQD
DQG�PHJDIDXQD�ELRORJLFDO�FRPPXQLWLHV�VLQFH�WKH�-XO\������VXUYH\��,Q�������WKH�KLJKHVW�DYHUDJH�FRQFHQWUDWLRQ�RI
3HWURIUHH�/(�LQ�VXUIDFH�VHGLPHQWV�ZDV��������PJ�NJ�QRUWKHDVW�RI�WKH�SODWIRUP��7KH�KLJKHVW�FRQFHQWUDWLRQ�RI
3HWURIUHH�/(�LQ�WKH�����FP�GHSWK�LQWHUYDO�RI�VHGLPHQWV�ZDV��������PJ�NJ��DOVR�QRUWKHDVW�RI�WKH�SODWIRUP��0HJDIDXQD
DQG�VHGLPHQW�PDFURIDXQD�ZHUH�PRUH�DEXQGDQW�DW�ORFDWLRQV�ZKHUH�ODUJH�DPRXQWV�RI�6%)�ZHUH�GHSRVLWHG��5HVXOWV�RI
ERWK�WKH������DQG������VWXGLHV�ZHUH�FRPSDUHG�WR�GDWD�FROOHFWHG�DW�VLPLODU�GHSWKV�LQ�WKH�HDVWHUQ�DQG�ZHVWHUQ�*XOI
GXULQJ�WKH�006�EDVHOLQH�VWXGLHV�FRQGXFWHG�LQ�WKH�����V�

)LVN��-�9���5��:RRG�DQG�-��.LUVQHU��������'HYHORSPHQW�DQG�ILHOG�WULDO�RI�WZR�HQYLURQPHQWDOO\�VDIH�ZDWHU�
EDVHGIOXLGV�XVHG�VHTXHQWLDOO\�WR�IUHH�VWXFN�SLSH��,$'&�63(��������3DJHV���������,Q������
,QWHUQDWLRQDO�$VVRFLDWLRQ�RI�'ULOOLQJ�&RQWUDFWRUV�	�6RFLHW\�RI�3HWUROHXP�(QJLQHHUV�'ULOOLQJ
&RQIHUHQFH��1HZ�2UOHDQV��/RXLVLDQD��������0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF�
5LFKDUGVRQ��7;�



��

$EVWUDFW��'LHVHO�EDVHG�VSRWWLQJ�IOXLGV�KDYH�KLVWRULFDOO\�EHHQ�XVHG�WR�IUHH�GLIIHUHQWLDOO\�VWXFN�SLSH��,QFUHDVLQJ
HQYLURQPHQWDO�UHJXODWRU\�SUHVVXUHV�KDYH�SURPSWHG�WKH�GHYHORSPHQW�RI�HQYLURQPHQWDOO\�DFFHSWDEOH�ZDWHU�EDVHG
VSRWWLQJ�IOXLGV��,Q�VSLWH�RI�WKHLU�ZLGHVSUHDG�DSSOLFDWLRQ��WKHVH�QHZ�IOXLGV�KDYH�KDG�RQO\�VSRUDGLF�VXFFHVV�LQ�IUHHLQJ
GLIIHUHQWLDOO\�VWXFN�SLSH�LQ�WKH�ILHOG�

$Q�H[WHQVLYH�ODERUDWRU\�UHVHDUFK�SURMHFW�ZDV�LQLWLDWHG�WR�LGHQWLI\�SRWHQWLDO�FKHPLVWULHV�WKDW�FRXOG�RIIHU�LQFUHDVHG
SHUIRUPDQFH�DQG�PDLQWDLQ�HQYLURQPHQWDO�DFFHSWDELOLW\��/LWHUDWXUH�UHYLHZ�UHYHDOHG�WKDW�SUHYLRXV�VSRWWLQJ�IOXLG
UHVHDUFK�KDG�IRFXVHG�PDLQO\�RQ�WKH�VSRWWLQJ�IOXLG�SURYLGLQJ�OXEULFDWLRQ�EHWZHHQ�WKH�GULOOSLSH�DQG�PXG�ILOWHU�FDNH�
+RZHYHU��LW�ZDV�IRXQG�WKDW�VXFFHVVIXO�VSRWWLQJ�IOXLGV�PXVW�QRW�RQO\�SURYLGH�OXEULFDWLRQ��EXW�DOVR�TXLFNO\�LQYDGH�PXG
ILOWHU�FDNHV��/DERUDWRU\�GDWD�DOVR�UHYHDOHG�WKDW�WKH�EHVW�SHUIRUPLQJ�FRQYHQWLRQDO�VSRWWLQJ�IOXLGV�ZHUH�KLJKO\�WR[LF�WR
P\VLG�VKULPS��,Q�DFFRUGDQFH�ZLWK�WKH�QHZ�ILQGLQJV��D�WZR�SKDVH�VSRW�ZDV�GHYHORSHG��$�ILHOG�DSSOLFDWLRQ�LV�GHWDLOHG
WKDW�YDOLGDWHG�WKH�FRQFHSW�RI�WKH�WZR�SKDVH�VSRW�DQG�LWV�PHWKRG�RI�DSSOLFDWLRQ�

)UDVHU��/��������6\QWKHWLFV�ZLQQLQJ�DSSURYDO�LQ�*XOI��7KH�$PHULFDQ�2LO�	�*DV�5HSRUWHU��������	�����

$EVWUDFW��7KH�FRPSRVLWLRQ�RI�GLIIHUHQW�6%0V�LV�GHVFULEHG��6%0V�KDYH�VHYHUDO�DGYDQWDJHV�RYHU�2%0V�WKDW�ZRXOG�EH
QHJDWHG�LI�GLUHFW�VLWH�GLVFKDUJH�IRU�60%�FXWWLQJV�ZHUH�WR�EH�GLVFRQWLQXHG��7KH�FRVWV�IRU�DOWHUQDWLYH�GLVSRVDO�RI�GULOO
FXWWLQJV�ZRXOG�EH�SURKLELWLYH��,I�LW�LV�GHHPHG�WKDW�FRQWLQXHG�GLVFKDUJH�RI�6%0�FXWWLQJV�LV�DFFHSWDEOH��WKH�LQGXVWU\
ZLOO�EH�XVLQJ�V\QWKHWLFV�IRU�D�ORQJ�WLPH�WR�FRPH��,I��KRZHYHU��WKH�RSSRVLWH�LV�FRQFOXGHG��V\QWKHWLFV�ZLOO�KDYH�OLWWOH�LI
DQ\�DGYDQWDJH�WR�RIIHU�RYHU�FKHDSHU�KLJKO\�UHILQHG�PLQHUDO�RLOV�

)ULHGKHLP��-�(��������'ULOOLQJ�ZLWK�V\QWKHWLF�IOXLGV�LQ�WKH�1RUWK�6HD���DQ�RYHUYLHZ��3UHVHQWHG�DW�WKH�,%&�&RQIHUHQFH
RQ��'ULOOLQJ�7HFKQRORJ\���$EHUGHHQ��1RYHPEHU����������3DJHV�SOXV�ILJXUHV�

$EVWUDFW��6\QWKHWLF�GULOOLQJ�IOXLGV�RU��SVHXGR�RLO��PXGV�KDYH�EHHQ�XVHG�LQ�WKH�1RUWK�6HD�IRU�RYHU�IRXU�\HDUV�
*HQHUDOO\�VSHDNLQJ��DOO�W\SHV�RI�WKHVH�IOXLGV�KDYH�EHHQ�VXFFHVVIXO�LQ�D�YDULHW\�RI�GULOOLQJ�DSSOLFDWLRQV�DQG�VKDUH
VHYHUDO�SHUIRUPDQFH�EHQHILWV�ZKLFK�RIWHQ�PDNH�WKHP�WKH�SUHIHUUHG�IOXLG�HYHQ�RYHU�RLO�EDVHG�PXGV��7KLV�SDSHU�EULHIO\
GHVFULEHV�WKHVH�PXG�V\VWHPV�DQG�GLVFXVVHV�WKHLU�EHQHILWV�DV�ZHOO�DV�VRPH�OLPLWDWLRQV��&DVH�KLVWRULHV�IRFXVLQJ�RQ�WKH
3$2��SRO\�DOSKD�ROHILQ��EDVHG�V\QWKHWLF�IOXLG�ZLOO�EH�XVHG�WR�LOOXVWUDWH�WKH�XWLOLW\�RI�WKHVH�V\VWHPV�

)ULHGKHLP��-�(��������$UHD�VSHFLILF�DQDO\VLV�UHIOHFWV�LPSDFW�RI�QHZ�JHQHUDWLRQ�IOXLG�V\VWHPV�RQ�GHHSZDWHU
H[SORUDWLRQ��,$'&�63(��������,Q�������,$'&�63(�$VLD�3DFLILF�'ULOOLQJ�&RQIHUHQFH��-DNDUWD�
,QGRQHVLD������6HSWHPEHU�������,$'&�63(�$VLD�3DFLILF�'ULOOLQJ�7HFKQRORJ\��6RFLHW\�RI�3HWUROHXP
(QJLQHHUV��5LFKDUGVRQ��7;�����SS�

$EVWUDFW��7KH�ZRUOGZLGH�DFFHOHUDWLRQ�LQ�GHHSZDWHU�H[SORUDWLRQ�DQG�WKH�DFFRPSDQ\LQJ�WHFKQLFDO�DQG�HQYLURQPHQWDO
FRPSOLFDWLRQV�KDYH�EHHQ�ZHOO�GRFXPHQWHG�LQ�WKH�OLWHUDWXUH��)URP�D�GULOOLQJ�IOXLGV�SHUVSHFWLYH��WKH�GHPDQGV�LQWULQVLF
WR�GHHSZDWHU�GULOOLQJ�DQG�FRPSOHWLRQV�DUH�HVSHFLDOO\�DFXWH�DV�RSHUDWRUV�PXVW�UHFRQFLOH�SHUIRUPDQFH�DQG�HFRQRPLF
REMHFWLYHV�ZLWK�XQLTXH�WHFKQLFDO�DQG�HQYLURQPHQWDO�REVWDFOHV��%H\RQG�VWDQGDUG�IOXLG�FULWHULD��PXG�V\VWHPV�GHVLJQHG
IRU�GHHSZDWHU�SURMHFWV�PXVW�DOVR�DGGUHVV�VXFK�XQLTXH�SUREOHPV�DV�VKDOORZ�JDV�KD]DUGV�ZDWHU�IORZV��JDV�K\GUDWH
IRUPDWLRQV��ORVW�FLUFXODWLRQ�ORZHU�IUDFWXUH�JUDGLHQWV�DQG�KROH�FOHDQLQJ�LQ�WKH�ULVHU�VHFWLRQ�

7KLV�SDSHU�UHYLHZV�WKH�ODWHVW�GHYHORSPHQWV�LQ�V\QWKHWLF�DQG�ZDWHU�EDVHG�PXG�V\VWHPV�JHDUHG�VSHFLILFDOO\�IRU
GHHSZDWHU�GULOOLQJ�DQG�FRPSOHWLRQV��7KH�LQKHUHQW�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�RI�WKH�YDULRXV�V\VWHPV�DUH
UHYLHZHG��0RUHRYHU��WR�LOOXVWUDWH�WKH�WHFKQLFDO�DQG�HFRQRPLF�LPSDFW�RI�ODWHVW�JHQHUDWLRQ�IOXLG�V\VWHPV�LQ�GHHSZDWHU
SURMHFWV��WKH�DXWKRU�SUHVHQWV�FDVH�VWXGLHV�IURP�GHHSZDWHU�WKHDWHUV�ZRUOGZLGH��)RU�H[DPSOH��DQ�LVRPHUL]HG�ROHILQ
V\QWKHWLF�IOXLG�ZDV�XVHG�WR�GULOO�WKH����Ú�LQ�VHFWLRQ�WR�WRWDO�GHSWK�LQ�������IW�RI�ZDWHU�LQ�WKH�*XOI�RI�0H[LFR��7KH�ZHOO
ZDV�GULOOHG�ILYH�GD\V�DKHDG�RI�VFKHGXOH�DQG����������XQGHU�EXGJHW��7KH�UDWH�RI�SHQHWUDWLRQ�ZHUH�DV�KLJK�DV����
IW�KU��8VH�RI�WKH�6%)�UHVXOWHG�LQ�YHU\�OLWWOH�WURXEOH�WLPH�GXULQJ�YHUWLFDO�DQG�RIIVHW�GULOOLQJ�

)ULHGKHLP��-�(��DQG�+�/��&RQQ��������6HFRQG�JHQHUDWLRQ�V\QWKHWLF�IOXLGV�LQ�WKH�1RUWK�6HD��DUH�WKH\�EHWWHU"
,$'&�63(��������3DJHV����������,1��,$'&�63(�'ULOOLQJ�&RQIHUHQFH��1HZ�2UOHDQV��������0DUFK
������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�
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$EVWUDFW��$W�WKH�EHJLQQLQJ�RI�WKH�����V��WKUHH�V\QWKHWLF�W\SH�PDWHULDOV�ZHUH�LQWURGXFHG���HVWHUV��HWKHUV�DQG
SRO\DOSKDROHILQV���1RZ�DIWHU�KHDGLQJ�WRZDUGV�WKH�ODVW�KDOI�RI�WKLV�GHFDGH��D�QHZ�JHQHUDWLRQ�RI�V\QWKHWLFV�LV�JDLQLQJ
SRSXODULW\���OLQHDU�DOSKD�ROHILQV�DQG�LVRPHUL]HG�ROHILQV��$QRWKHU�EDVH�IOXLG��OLQHDU�SDUDIILQ��ZKLFK�FDQ�EH�FRQVLGHUHG
SVHXGR�RLO�UDWKHU�WKDQ�V\QWKHWLF��LV�DOVR�PDNLQJ�DQ�LPSDFW��(DFK�RI�WKHVH�PDWHULDOV�KDV�VLPLODULWLHV�DV�ZHOO�DV
GLIIHUHQFHV�ERWK�DV�EDVH�IOXLGV�DQG�GULOOLQJ�PXGV�

1RUWK�6HD�DSSOLFDWLRQV�RI�V\QWKHWLF�EDVHG�PXGV�KLJKOLJKW�WKH�PDMRU�DVSHFWV�WKDW�QRW�RQO\�GHOLQHDWH�WKH�ILUVW
JHQHUDWLRQ�RI�IOXLGV�IURP�WKH�VHFRQG�EXW�DOVR�WKH�YDULRXV�IOXLGV�WKHPVHOYHV��(DFK�DUHD��WKH�8QLWHG�.LQJGRP�
1RUZD\��DQG�WKH�1HWKHUODQGV���QRW�RQO\�KDYH�GLIIHUHQW�PDUNHWSODFHV��EXW�DOVR�GLIIHUHQW�HPSKDVLV�RQ�WKH�PDQ\�IDFHWV
RI�HQYLURQPHQWDO�DV�ZHOO�DV�KHDOWK�DQG�VDIHW\�FRQFHUQV��7KLV�YDULDQFH�IURP�FRXQWU\�WR�FRXQWU\�SURYLGHG�WKH�LPSHWXV
IRU�WKH�LQWURGXFWLRQ�RI�WKHVH�YDULRXV�IOXLGV�

7KLV�SDSHU�SURYLGHV�DQ�RYHUYLHZ�RI�WKHVH�VHFRQG�JHQHUDWLRQ�IOXLGV�DQG�GHDOV�ZLWK�WKHLU�WHFKQLFDO��HQYLURQPHQWDO�
DQG�HFRQRPLFDO�VWDWXV�DV�LW�UHODWHV�WR�WKH�1RUWK�6HD�GULOOLQJ�DUHD��,W�ZLOO�DOVR�GLVFXVV�WKHVH�VHFRQG�JHQHUDWLRQ�IOXLGV
LQ�OLJKW�RI�WKHLU�SUHGHFHVVRUV�DQG�HPSKDVL]H�WKH�GLIIHUHQFHV��'HWDLOV�DUH�SURYLGHG�RQ�WKH�FKHPLVWU\�RI�WKHVH�VHFRQG
JHQHUDWLRQ�IOXLGV�DQG�DFWXDO�ILHOG�GDWD�ZLOO�EH�SURYLGHG�WR�LOOXVWUDWH�WKHLU�HIIHFWLYHQHVV�

)LUVW�JHQHUDWLRQ�6%)V�LQFOXGH��HVWHU��3$2��HWKHU��DQG�DFHWDO��6HFRQG�JHQHUDWLRQ�6%)V�LQFOXGH�OLQHDU�DON\OEHQ]HQH
�/$%���OLQHDU�DOSKD�ROHILQ��/$2���LQWHUQDO�ROHILQ��,2���DQG�OLQHDU�SDUDIILQV��/3���7KH�FRVW�RI�WKH�EDVH�IOXLGV�RI�WKH��QG

JHQHUDWLRQ�V\QWKHWLFV�LV�ORZHU��7KH�ORZHU�YLVFRVLW\�RI�WKH��QG�JHQHUDWLRQ�V\QWKHWLFV�DOORZV�WKHVH�V\VWHPV�WR�EH
IRUPXODWHG�DQG�HQJLQHHUHG�PRUH�HFRQRPLFDOO\��7KH�ORZHU�YLVFRVLW\�RI�WKH��QG�JHQHUDWLRQ�V\QWKHWLFV�JHQHUDOO\�UHVXOWV
LQ�ORZHU�FLUFXODWLRQ�SUHVVXUHV��7KH�EHQHILWV�RI�WKH�ORZHU�YLVFRVLW\�PD\�EH�RIIVHW�E\�KROH�FOHDQLQJ�DQG�OXEULFDWLRQ
FRQFHUQV��([FHSW�IRU�WKH�HVWHUV���QG�JHQHUDWLRQ�V\QWKHWLFV�KDYH�GHPRQVWUDWHG�D�JUHDWHU�DELOLW\�WR�ELRGHJUDGH��,Q
JHQHUDO���QG�JHQHUDWLRQ�V\QWKHWLFV�H[KLELW�KLJKHU�DTXDWLF�WR[LFLW\�WKDQ��VW�JHQHUDWLRQ�V\QWKHWLFV��7KH�ILQDO
HQYLURQPHQWDO�IDWH�RI�V\QWKHWLF�IOXLGV�ZLOO�EH�GHWHUPLQHG�E\�IXWXUH�VHDEHG�VXUYH\V�

)ULHGKHLP��-�(���*�-��+DQV��$��3DUN�DQG�&�5��5D\��������$Q�HQYLURQPHQWDOO\�VXSHULRU�UHSODFHPHQW�IRU�PLQHUDO�RLO
GULOOLQJ�IOXLGV��63(��������3DJHV���������,Q��7KH�2IIVKRUH�(XURSH�&RQIHUHQFH��$EHUGHHQ������6HSWHPEHU
������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��(QYLURQPHQWDO�FRQVWUDLQWV�KDYH�OHG�WR�WKH�GHYHORSPHQW�RI�DQ�LQYHUW�PXG�V\VWHP�WKDW�KDV�H[FHOOHQW�WR[LFLW\�
KHDOWK�DQG�VDIHW\�DVSHFWV��DQG�LV�ELRGHJUDGDEOH��7KLV�V\VWHP�LV�SDUWLFXODUO\�VXLWDEOH�IRU�1RUWK�6HD�XVH�ZKHUH
GLVFKDUJHV�IURP�GULOOLQJ�ZLWK�PLQHUDO�RLO�EDVH�GULOOLQJ�IOXLGV�DUH�OLPLWHG��%DVHG�RQ�D�V\QWKHWLF�PDWHULDO�DV�WKH
FRQWLQXRXV�SKDVH��WKLV�PXG�V\VWHP�JLYHV�WKH�VDPH�KLJK�SHUIRUPDQFH�DV�WKDW�RI�PLQHUDO�RLO�EDVH�V\VWHPV��7KLV�SDSHU
GHVFULEHV�WKLV�QRYHO�PXG�V\VWHP�DQG�IRFXVHV�RQ�WKH�LPSDFW�RI�LWV�XVH�LQ�HQYLURQPHQWDOO\�VHQVLWLYH�DUHDV�

7KH�UDWLR�RI�V\QWKHWLF�OLTXLG�FRQWLQXRXV�SKDVH�DQG�DTXHRXV�SKDVH��6�:�UDWLR��FDQ�YDU\�IURP�������WR�������ZLWK
PXG�ZHLJKWV�UDQJLQJ�IURP�XQZHLJKWHG�WR������SSJ��7KH�UKHRORJ\�SDUDPHWHUV�FDQ�EH�DOWHUHG�ZLWK�UKHRORJ\�PRGLILHUV
WR�JLYH�LQFUHDVHG�ORZ�VKHDU�UDWH�YLVFRVLWLHV�IRU�HQKDQFHG�KROH�FOHDQLQJ�FDSDELOLWLHV��+X[OH\�%HUWUDP�+7+3
YLVFRPHWHU�GDWD�VKRZV�JRRG�VWDELOLW\�RI�WKH�V\VWHP�XQGHU�GRZQKROH�FRQGLWLRQV��$GGLWLRQDO�ZRUN�LQGLFDWHV�WKLV�V\VWHP
KDV�UHGXFHG�JDV�VROXELOLW\��EHWWHU�OXEULFLW\��DQG�ORZHU�UHWHQWLRQ�RQ�FXWWLQJV�ZKHQ�FRPSDUHG�WR�PLQHUDO�RLO�EDVHG
PXGV�

)DYRUDEOH�WR[LFLW\�GDWD��ELRDFFXPXODWLRQ�VWXGLHV��DQG�ELRGHJUDGDWLRQ�ZRUN�KDYH�EHHQ�FRPSLOHG�IRU�ERWK�WKH
V\QWKHWLF�PDWHULDO�DQG�PXG�V\VWHP��8�.��WR[LFLW\�WHVWV�JLYH�KLJKO\�DFFHSWDEOH�YDOXHV��7KHVH�UHVXOWV��DORQJ�ZLWK�WKH
ELRDFFXPXODWLRQ�GDWD��KDYH�OHG�WKH�8�.��'HSDUWPHQW�RI�(QHUJ\��'(1��WR�DVVLJQ�WKH�V\VWHP�D�&DWHJRU\��
&ODVVLILFDWLRQ�XQGHU�LWV�&KHPLFDO�1RWLILFDWLRQ�6FKHPH��/LNHZLVH��WKH�1RUZHJLDQ�JRYHUQPHQW�DJHQF\��6)7��KDV
DJUHHG�WR�SHUPLW�WKLV�V\VWHP�WR�EH�XVHG�RQ�D�ILHOG�WULDO�EDVLV��&XUUHQWO\��WKH�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\
�(3$��LV�FRQVLGHULQJ�LWV�XVH��DQG�VXEVHTXHQW�GLVFKDUJH�RI�FXWWLQJV��IRU�*XOI�RI�0H[LFR�GULOOLQJ�

,Q�WHVWV�SHUIRUPHG�LQ�WKH�8.��D�3$2�EDVHG�IOXLG�KDG�DQ�DFXWH�WR[LFLW\�WR�VKULPS�RI�PRUH�WKDQ��������PJ�/��7KH
FRPSOHWH�3$2�PXG�V\VWHP�KDG�DQ�DFXWH�WR[LFLW\�RI�JUHDWHU�WKDQ��������PJ�/��%HFDXVH�RI�WKHLU�KLJK�PROHFXODU
ZHLJKW�DQG�ORZ�VROXELOLW\��3$2V�GR�QRW�ELRDFFXPXODWH�LQ�PDULQH�RUJDQLVPV�DQG�KDYH�OLWWOH�HIIHFW�RQ�JURZWK�LQ�ILVK�

-
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)ULHGKHLP��-�(��DQG�5�0��3DQWHUPXHKO��������6XSHULRU�SHUIRUPDQFH�ZLWK�PLQLPDO�HQYLURQPHQWDO�LPSDFW��D
�QRYHOQRQDTXHRXV�GULOOLQJ�IOXLG��63(�,$'&��������3DJHV���������,Q�������63(�,$'&�'ULOOLQJ
&RQIHUHQFH��$PVWHUGDP��������)HEUXDU\�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��7KH�ILUVW�ZHOO�XWLOL]LQJ�D�QRYHO�GULOOLQJ�IOXLG�EDVHG�RQ�SRO\DOSKDROHILQ��3$2��FKHPLVWU\�KDV�EHHQ�GULOOHG�LQ
WKH�1RUWK�6HD��,Q�DGGLWLRQ�WR�H[FHOOHQW�GULOOLQJ�SHUIRUPDQFH��3$2�GULOOLQJ�IOXLGV�H[KLELW�ORZ�WR[LFLW\��ORZ
ELRDFFXPXODWLRQ��DQG�DUH�ELRGHJUDGDEOH��6XFFHVV�RI�WKH�3$2�PXG�KDV�HVWDEOLVKHG�WKH�V\VWHP�DV�D�YLDEOH�V\QWKHWLF�
EDVHG�DOWHUQDWLYH�WR�RLO�EDVHG�PXGV�

7KH�QRQ�DTXHRXV�3$2�V\VWHP�ZDV�XVHG�WR�GULOO�WKH�������LQ��VHFWLRQ�RI�D�ZHOO�LQ�WKH�&HQWUDO�%DVLQ�RI�WKH�1RUWK�6HD�
7KH�LQWHUYDO�IURP�������WR��������IW��������P�WR�������P��ZDV�GULOOHG�DW�DQ�DQJOH�RI����GHJ��7KH�IRUPDWLRQ�FRQVLVWHG
SULPDULO\�RI�WHUWLDU\�VKDOHV�PL[HG�ZLWK�OLPHVWRQH�VWULQJHUV��0XG�ZHLJKW�UDQJH�ZDV�����������SSJ�����������V�J���

&RPSDULVRQV�ZLWK�RLO�EDVHG�PXGV�XVHG�LQ�WKLV�DUHD�RI�WKH�1RUWK�6HD�LQGLFDWHG�WKH�3$2�IOXLG�KHOSHG�LQFUHDVH
SHQHWUDWLRQ�UDWHV�DQG�UHGXFH�WRUTXH�DQG�GUDJ��2WKHU�SHUIRUPDQFH�EHQHILWV�LQFOXGHG�VXSHULRU�KROH�FOHDQLQJ�DQG�QR
HYLGHQFH�RI�ZHLJKW�PDWHULDO�VDJ��$GGLWLRQDOO\��FXWWLQJV�GLVFKDUJHG�LQWR�WKH�VHD�UHWDLQHG�DQ�DYHUDJH�RI�������3$2
����J�NJ�GU\�UHWRUW�VROLGV���7KH�3$2�FRQWDPLQDWHG�FXWWLQJV�GLVSHUVHG�TXLFNO\�

&RPSDULVRQV�ZLWK�RWKHU�QRQ�DTXHRXV�DOWHUQDWLYHV�VXFK�DV�HVWHU�DQG�HWKHU�EDVHG�IOXLGV�VKRZ�3$2�V\VWHPV�SURYLGH
EHWWHU�HODVWRPHU�FRPSDWLELOLW\��OLPH�DQG�FHPHQW�WROHUDQFH��VXUIDFH�KDQGOLQJ��V\QWKHWLF�ZDWHU�UDWLR�IOH[LELOLW\��DQG
WHPSHUDWXUH�VWDELOLW\�

$�ILHOG�SUHSDUHG�XVHG�3$2�PXG�KDG�DQ�DFXWH�WR[LFLW\�WR�DOJDH��EDUQDFOHV��DQG�ELYDOYHV�RI��������PJ�NJ���������
PJ�NJ��DQG������PJ�NJ��7KH�3$2�ZDV�QRW�ELRDFFXPXODWHG�E\�D�PDULQH�ILVK��7KH�3$2�DOVR�GHJUDGHG�LQ�ODERUDWRU\
WHVWV�XQGHU�DHURELF�DQG�DQDHURELF�FRQGLWLRQV�

)ULHGKHLP��-�(��DQG�$��3DWHO��������7HFKQLFDO�VROXWLRQV�IRU�HQYLURQPHQWDO�SUREOHPV��QRYHO�GULOOLQJ�IRUPXODWLRQV�WR
PLQLPL]H�HQYLURQPHQWDO�LPSDFW��63(��������,Q�������63(�(3$�([SORUDWLRQ�DQG�3URGXFWLRQ
(QYLURQPHQWDO�&RQIHUHQFH��$XVWLQ��7;�����)HEUXDU\���0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF�
5LFKDUGVRQ��7;�

$EVWUDFW��7KH�XVH�RI�V\QWKHWLF�EDVH�PXGV��6%0��KDV�LQFUHDVHG�VWHDGLO\�VLQFH�WKHLU�LQWURGXFWLRQ�LQ�WKH�*XOI�RI
0H[LFR�HDUO\�WKLV�GHFDGH��5HVHDUFK�LQWR�6%0�KDV�FHQWHUHG�RQ�DVVHVVLQJ�WKH�KHDY\�HQYLURQPHQWDO�LPSDFW�RI�FXWWLQJV
GLVFKDUJHV��7KLV�LPSDFW�LV�SRWHQWLDOO\�DIIHFWHG�E\�YDULRXV�IDFWRUV��QRW�WKH�OHDVW�RI�ZKLFK�LV�WKH�V\QWKHWLF�EDVH�IOXLG
LWVHOI��UHODWHG�WR�WKH�WHFKQLFDO�FRPSRVLWLRQ�RI�WKH�PXG�

1HZ�WHFKQRORJ\�LQ�WKH�IRUP�RI�V\QWKHWLF�PXG�IRUPXODWLRQV�IXUWKHU�UHGXFH�WKH�HQYLURQPHQWDO�LPSDFW�RI�FXWWLQJV�DQG
WKHLU�DVVRFLDWHG�IOXLG��7KHVH�QRYHO�IRUPXODWLRQV�DLG�LQ�SROOXWLRQ�UHWHQWLRQ�DVVRFLDWHG�ZLWK�WKH�GLVFKDUJH�RI�GULOO
FXWWLQJV�LQWR�WKH�UHFHLYLQJ�HQYLURQPHQW��7KHVH�QHZ�WHFKQRORJLHV�LQFOXGH�

��8QLTXH�HPXOVLILHUV�WKDW�DOORZ�ZHOOERUH�VXUIDFHV�DQG�FXWWLQJV�WR�FKDQJH�IURP�DQ�RLO�ZHW�VWDWH�WR�D�ZDWHU�ZHW�VWDWH
��1HZ�V\QWKHWLF�EDVH�PDWHULDOV�WKDW�DOORZ�FXWWLQJV�WR�GLVSHUVH�UHDGLO\�LQWR�WKH�ZDWHU�FROXPQ
��1RYHO�EULQH�SKDVHV�WKDW�EHQHILW�WKH�GLVSRVDO�RI�FXWWLQJV�YLD�ODQG�IDUPLQJ

7KLV�SDSHU�GLVFXVVHV�WKHVH�DSSURDFKHV�LQ�IRUPXODWLQJ�DQG�HQJLQHHULQJ�V\QWKHWLF�EDVH�PXGV�>WKDW@FDQ�UHGXFH�WKH
RYHUDOO�HQYLURQPHQWDO�LPSDFW�RI�D�GULOOLQJ�RSHUDWLRQ�

*DOODZD\��%�-���5�*��)HFKKHOP��*�)��+XEEDUG�DQG�6�$��0DF/HDQ��������2SSRUWXQLVWLF�VDPSOLQJ�DW�D�V\QWKHWLF
GULOOLQJ�IOXLG�GLVFKDUJH�VLWH�RQ�WKH�FRQWLQHQWDO�VORSH�RI�WKH�QRUWKHUQ�*XOI�RI�0H[LFR��7KH�3RPSDQR
'HYHORSPHQW��������0DUFK��������5HSRUW�WR�%3�([SORUDWLRQ��,QF���+RXVWRQ��7;��/*/�(FRORJLFDO
5HVHDUFK�$VVRFLDWHV��,QF��%U\DQ��7;��9DULRXV�SDJHV�

$EVWUDFW��%3�([SORUDWLRQ��,QF���LQVWDOOHG�DQ�RIIVKRUH�RLO�DQG�JDV�SODWIRUP��3RPSDQR�3KDVH�,��LQ�����PHWHUV�RI�ZDWHU
RQ�WKH�FRQWLQHQWDO�VORSH�RI�WKH�*XOI�RI�0H[LFR�LQ�/HDVH�%ORFN�9LRVFD�.QROO�����LQ�������7HQ�ZHOOV�ZHUH�GULOOHG�IURP
WKH�SODWIRUP�LQ�������7KH�WHPSODWH�IRU�3RPSDQR�3KDVH�,,�ZDV�LQVWDOOHG�IRXU�PLOHV�GRZQVORSH�IURP�3RPSDQR�3KDVH�,



��

LQ�����P�RI�ZDWHU�LQ�0LVVLVVLSSL�&DQ\RQ�%ORFN����LQ�������'ULOOLQJ�DW�WKLV�VLWH�RFFXUUHG�EHWZHHQ�2FWREHU������DQG
WKH�VXPPHU�RI������

$OWKRXJK�ZDWHU�EDVHG�GULOOLQJ�IOXLGV�ZHUH�XVHG�LQ�PRVW�RI�WKH�3RPSDQR�3KDVH�,,�GULOOLQJ�RSHUDWLRQV��D�V\QWKHWLF�
EDVHG�GULOOLQJ�IOXLG��%DURLG�3HWURIUHH�/(��ZDV�XVHG�GXULQJ�GULOOLQJ�RI�VL[�ZHOOV��'ULOO�FXWWLQJV�FRQWDLQLQJ�DQ
HVWLPDWHG�������EEOV�RI�3HWURIUHH�/(�ZHUH�GLVFKDUJHG�WR�WKH�RFHDQ��$Q�DGGLWLRQDO�������EEOV�RI�3HWURIUHH�ZHUH
GLVFKDUJHG�ZLWK�FXWWLQJV�GXULQJ�GULOOLQJ�RI�DQRWKHU�ZHOO�LQ�)HEUXDU\�DQG�0DUFK��������7ZR�EHQWKLF�VXUYH\V��LQ�-XO\
�����DQG�0DUFK�������ZHUH�SHUIRUPHG�WR�GHWHUPLQH�WKH�IDWHV�DQG�SRVVLEOH�HIIHFWV�RI�WKH�GLVFKDUJHG�6%)�FXWWLQJV�

7KH�REMHFWLYHV�RI�WKH�VWXG\�ZHUH�WR�GRFXPHQW�
x� WKH�VL]H�DQG�H[WHQW�RI�DQ\�DVVRFLDWHG�FXWWLQJV�SLOH�IROORZLQJ���\HDUV�RI�D�PXOWLZHOO�GHYHORSPHQW�GULOOLQJ�SURJUDP

LQ�WKH�GHHS�*XOI�
x� WKH�JHQHUDO�DSSHDUDQFH�RI�WKH�ERWWRP�DV�UHODWHG�WR�FKHPLFDO�DFWLYLW\�DQG�ELRGHJUDGDWLRQ�SURFHVVHV�
x� FRQFHQWUDWLRQV�RI�3HWURIUHH�/(��WKH�6%0�XVHG��LQ�VHGLPHQWV�DURXQG�WKH�3RPSDQR�3KDVH�,,�VXEVHD�GULOOLQJ

WHPSODWH��DQG
x� GHQVLWLHV�RI�PDFURIDXQD�DQG�PHJDIDXQD�DW�VRPH�ORFDWLRQV�QHDU�WKH�SODWIRUP�

6HGLPHQW�VDPSOLQJ�ZDV�SHUIRUPHG�E\�529�DW����ORFDWLRQV�EHWZHHQ����DQG����P�XS�FXUUHQW��GRZQ�FXUUHQW��DQG
DFURVV�FXUUHQW�IURP�WKH�WHPSODWH��9LGHR�VXUYH\V�ZHUH�SHUIRUPHG�WR�GHWHUPLQH�GHQVLWLHV�RI�PHJDIDXQD�

&XWWLQJV�SLOHV�RQ�WKH�RUGHU�RI�PHWHUV�WR�WHQV�RI�PHWHUV�KLJK�ZHUH�QRW�SUHVHQW��PD[LPXP�DFFXPXODWLRQV�ZHUH�RQ�WKH
RUGHU�RI����WR����FP��6XUIDFH�VHGLPHQWV�QHDU�WKH�WHPSODWH�DSSHDUHG�WR�KDYH�D�WKLQ�YHQHHU�RI�FXWWLQJV��7KH
DSSHDUDQFH�RI�WKH�ERWWRP�VXJJHVWHG�LQWHQVH�FKHPLFDO�DFWLYLW\�DQG�DFWLYH�ELRGHJUDGDWLRQ��&RQFHQWUDWLRQV�RI
3HWURIUHH�/(�LQ�VHGLPHQWV�UDQJHG�XS�WR���������SSP�ZLWKLQ����WR����P�RI�WKH�WHPSODWH��+RZHYHU��WKHUH�ZHUH�QR
JUDGLHQWV�RI�VHGLPHQW�6%0�FRQFHQWUDWLRQV�ZLWK�GLVWDQFH�RU�GLUHFWLRQ�IURP�WKH�VLWH������RI�VXUILFLDO�VHGLPHQW
VDPSOHV�FRQWDLQHG�������SSP�RU�PRUH�6%0��RQO\�����RI�VXEVXUIDFH������FP��VHGLPHQWV�FRQWDLQHG�������SSP�RU
PRUH�RI�6%0�

+LJK�GHQVLWLHV�RI�PDFURIDXQD�DQG�PHJDIDXQD�ZHUH�REVHUYHG�DW�WKH�VWXG\�VLWH�DV�FRPSDUHG�WR�EDVHOLQH�LQIRUPDWLRQ�
2UJDQLF�HQULFKPHQW�IURP�6%0�GLVFKDUJHV�RU�IURP�RUJDQLVPV�IDOOLQJ�IURP�VXEPHUJHG�SODWIRUP�VWUXFWXUHV�PD\�KDYH
SURYLGHG�WKH�HQHUJ\�QHHG�IRU�WKH�KLJK�SURGXFWLYLW\��7KH�IDWW\�DFLG�HVWHUV�LQ�WKH�V\QWKHWLF�EDVH�FKHPLFDOV�ZHUH
FRQWULEXWLQJ�WR�EDFWHULDO�HQULFKPHQW�RI�WKH�VHGLPHQWV�WKDW�VHUYHG�DV�IRRG�IRU�WKH�EHQWKLF�IDXQD��7KHUH�LV�DQ
LQGLFDWLRQ�RI�D�UHWXUQ�RI�WKH�EHQWKLF�FRPPXQLW\�WR�SUHGULOOLQJ�FRPSRVLWLRQ�ZLWK�WLPH�DIWHU�WKH�GLVFKDUJHV�

*HWOLII��-�0��DQG�6�*��-DPHV��������7KH�UHSODFHPHQW�RI�DON\O�SKHQRO�HWKR[\ODWHV�WR�LPSURYH�WKH�HQYLURQPHQWDO
DFFHSWDELOLW\�RI�GULOOLQJ�IOXLG�DGGLWLYHV��63(��������3DJHV���������,Q��,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+HDOWK�
6DIHW\�	�(QYLURQPHQW��1HZ�2UOHDQV��/RXLVLDQD�������-XQH�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��
5LFKDUGVRQ��7;�

$EVWUDFW��$ON\O�3KHQRO�HWKR[\ODWHV��$3(2��DUH�D�FODVV�RI�VXUIDFWDQWV�ZKLFK�KDYH�EHHQ�XVHG�ZLGHO\�LQ�WKH�GULOOLQJ
IOXLG�LQGXVWU\��7KH�SRSXODULW\�RI�WKHVH�VXUIDFWDQWV�LV�EDVHG�RQ�WKHLU�FRVW�HIIHFWLYHQHVV��DYDLODELOLW\�DQG�WKH�UDQJH�RI
K\GURSKLOLF�OLSRSKLOLF�EDODQFH�YDOXHV�REWDLQDEOH��6WXGLHV�KDYH�VKRZQ�WKDW�$3(2V�H[KLELW�HVWURJHQLF�HIIHFWV�DQG�FDQ
FDXVH�VWHULOLW\�LQ�VRPH�PDOH�DTXDWLF�VSHFLHV��7KLV�PD\�KDYH�VXEVHTXHQW�KXPDQ�FRQVHTXHQFHV�DQG�VXFK�SUREOHPV
KDYH�OHG�WR�D�EDQQLQJ�RI�WKHLU�XVH�LQ�VRPH�FRXQWULHV�DQG�DJUHHPHQWV�WR�SKDVH�RXW�WKHLU�XVH�H�J��3$5&20
UHFRPPHQGDWLRQ������

7KH�XVH�RI�$3(2V�DV�DGGLWLYHV�LQ�GHWHUJHQWV��OXEULFDQWV�DQG�VWXFN�SLSH�UHOHDVH�DJHQWV�IRU�GULOOLQJ�IOXLG�DSSOLFDWLRQV
LV�GLVFXVVHG��7KH�HIIHFWLYHQHVV�RI�SURGXFWV�IRUPXODWHG�ZLWK�$3(2V�LV�GLUHFWO\�FRPSDUHG�ZLWK�DOWHUQDWLYH�SURGXFWV
WKDW�DUH�QRQ�SHUVLVWHQW�DQG�OHVV�GDPDJLQJ�WR�DTXDWLF�VSHFLHV��/XEULFLW\�PHDVXUHPHQWV�XVLQJ�VWDQGDUG�DQG�LQ�KRXVH
GHVLJQHG�HTXLSPHQW�DQG�ZDVKLQJ�WHVWV�WR�FRPSDUH�WKH�HIILFLHQF\�RI�VXUIDFWDQWV�DUH�H[SODLQHG�DQG�SURGXFW
SHUIRUPDQFH�UHVXOWV�SUHVHQWHG�

7KH�UHVXOWV�VKRZ�WKDW�DOWHUQDWLYHV�WR�SURGXFWV�FRQWDLQLQJ�$3(2V�DUH�DYDLODEOH�DQG�WKDW�LQ�VRPH�FDVHV�WKH\�VKRZ�D
EHWWHU�WHFKQLFDO�SHUIRUPDQFH��/LQHDU�DOFRKRO�HWKR[\ODWH��/$(2��VXUIDFWDQWV�DQG�WKHLU�GHJUDGDWLRQ�SURGXFWV�DUH�OHVV
WR[LF�WKDQ�$3(2V�WR�PDULQH�RUJDQLVPV��/$(2V�DUH�FRPSOHWHO\�ELRGHJUDGDEOH�WR�&2��DQG�ZDWHU�LQ�QDWXUDO�ZDWHUV�

-



��

*HWOLII��-���$��5RDFK��-��7R\R��DQG�-��&DUSHQWHU��������$Q�RYHUYLHZ�RI�WKH�HQYLURQPHQWDO�EHQHILWV�RI�/$2
EDVHG�GULOOLQJ�IOXLGV�IRU�RIIVKRUH�GULOOLQJ��5HSRUW�IURP�6FKOXPEHUJHU�'RZHOO�����SS�

$EVWUDFW��/LQHDU�DOSKD�ROHILQV��/2$���XVHG�DV�WKH�V\QWKHWLF�SKDVH�LQ�VRPH�6%)V��KDYH�D�ORZ�DTXHRXV�VROXELOLW\�DQG
ORZ�WR[LFLW\�WR�PDULQH�RUJDQLVPV��,PSDFWV�RQ�EHQWKLF�HQYLURQPHQWV�RI�/$2�FRQWDPLQDWHG�FXWWLQJV�GLVFKDUJHV�DUH
FDXVHG�E\�WKH�SK\VLFR�FKHPLFDO�HQYLURQPHQWDO�FKDQJHV�FDXVHG�E\�WKH�GHSRVLWLRQ�DQG�GHJUDGDWLRQ�RI�FXWWLQJV�RQ�WKH
VHDEHG��H�J���VHGLPHQWDWLRQ�DQG�VPRWKHULQJ��ELRORJLFDO�R[\JHQ�GHPDQG��DQG�K\GURJHQ�VXOILGH�SURGXFWLRQ���7KH
OLQHDU�VWUXFWXUH�RI�/$2�IDYRUV�LWV�PLFURELDO�GHJUDGDWLRQ��,W�LV�UHDGLO\�GHJUDGHG�XQGHU�DHURELF��������DW���PJ�/�
DQG�DQDHURELF�FRQGLWLRQV������DW�����PJ�/���7KH�XQVDWXUDWHG�ERQG�LQ�WKH�PROHFXOH�LV�VHQVLWLYH�WR�PLFURELDO�DWWDFN�
8QGHU�DHURELF�FRQGLWLRQV��LQLWLDO�R[LGDWLRQ�RFFXUV�DW�WKH�WHUPLQDO�FDUERQ�JURXS��UHVXOWLQJ�LQ�WKH�IRUPDWLRQ�RI�DQ
RUJDQLF�DFLG��2QH�DWRP�RI�R[\JHQ�LV�LQFRUSRUDWHG�LQWR�WKH�R[LGL]HG�K\GURFDUERQV�SURGXFLQJ�DQ�DOFRKRO�WKDW�LV
FRQYHUWHG�WR�D�IDWW\�DFLG��WKURXJK�D�NHWRQH�LQWHUPHGLDWH��7ZR�FDUERQ��DFHWDWH��IUDJPHQWV�DUH�WKHQ�UHPRYHG�IURP�WKH
IDWW\�DFLG�E\�F\FOLF� �R[LGDWLRQ��$FHWDWH�LV�XVHG�IRU�QXWULWLRQ�E\�WKH�PLFUREHV��'HJUDGDWLRQ�UHTXLUHV�R[\JHQ��:KHQ
/$2�GHJUDGDWLRQ�RFFXUV�LQ�VXUILFLDO�VHGLPHQWV��R[\JHQ�LQ�WKH�VHGLPHQWV�PD\�EH�GHSOHWHG��8QGHU�DQDHURELF
FRQGLWLRQV��VXOIDWH�UHGXFLQJ�EDFWHULD�PD\�GHJUDGH�WKH�/$2��SURGXFLQJ�K\GURJHQ�VXOILGH�DV�D�E\SURGXFW�IURP�WKH
DEXQGDQW�VXOIDWH�LQ�PDULQH�VHGLPHQWV�

/$2�GULOOLQJ�IOXLGV�KDYH�D�ORZHU�YLVFRVLW\�WKDQ�RWKHU�V\QWKHWLF�IOXLGV�DOORZLQJ�PRUH�FRPSOHWH�VHSDUDWLRQ�RI�WKH
GULOOLQJ�PXG�IURP�WKH�FXWWLQJV��7KLV�DOORZV�GLVFKDUJH�RI�FXWWLQJV�FRQWDLQLQJ�YHU\�ORZ�FRQFHQWUDWLRQV�RI�/$2��7KH
FXWWLQJV�DUH�PRUH�UHDGLO\�GLVSHUVHG�LQ�WKH�ZDWHU�FROXPQ�DQG�VHWWOH�RYHU�D�ZLGHU�DUHD�DW�ORZHU�FRQFHQWUDWLRQV�
6HGLPHQW�ELRWD�H[SRVHG�WR�WKHVH�PRUH�KLJKO\�GLVSHUVHG�FXWWLQJV�DFFXPXODWLRQV�UHFRYHU�PRUH�UDSLGO\�WKDQ�WKRVH
H[SRVHG�WR�KLJK�FRQFHQWUDWLRQV�RI�6%)�FXWWLQJV�

*MRV��1��HW�DO��������8OD�ZHOO�VLWH��������HQYLURQPHQWDO�VXUYH\�������6HQWHU�IRU�,QGXVWULIRUVNQLQJ��UDSSRUW�QU
������������

6PLWK��-��DQG�-�-��0RRUH��������8OD�ZHOOVLWH��������HQYLURQPHQWDO�VXUYH\��0D\�������5HSRUW�)6&�5&�������
)LHOG�6WXGLHV�&RXQFLO�5HVHDUFK�&HQWUH��8.�

6PLWK��-��DQG�6�-��0D\��������8OD�ZHOOVLWH��������HQYLURQPHQWDO�VXUYH\�������5HSRUW�)6&�5&��������)LHOG
6WXGLHV�&RXQFLO�5HVHDUFK�&HQWUH��8.�

6PLWK��-��DQG�*��+REEV��������8OD�ZHOOVLWH��������HQYLURQPHQWDO�VXUYH\�������5HSRUW�)6&�5&��������)LHOG
6WXGLHV�&RXQFLO�5HVHDUFK�&HQWUH��8.�

$EVWUDFW��7KHVH�IRXU�SDSHUV�VXPPDUL]H�WKH�UHVXOWV�RI�ILHOG�VXUYH\V�IROORZLQJ�WKH�GULOOLQJ�DW�WKH�8OD�ZHOOVLWH�XVLQJ�DQ
HVWHU�6%0���,PPHGLDWHO\�DIWHU�GULOOLQJ�WKHUH�ZHUH�VLJQLILFDQW�LPSDFWV�ZLWKLQ�����P�RI�WKH�GLVFKDUJH�ZKHUH�LQLWLDO
FRQFHQWUDWLRQV�RI�HVWHU�LQ�VHGLPHQW�ZHUH�KLJK���������WR��������PJ�NJ���7KH�KLJKHVW�EDULXP�FRQFHQWUDWLRQV�LQ
VHGLPHQWV�ZHUH�������WR�������PJ�NJ��7KHUH�ZDV�QR�HYLGHQFH�RI�LPSDFWV�DW�JUHDWHU�WKDQ�����P�IURP�WKH�GLVFKDUJH
ZKHUH�FRQFHQWUDWLRQV�RI�HVWHU�LQ�VHGLPHQW�ZHUH�ORZHU������PJ�NJ����5HFRYHU\�DSSHDUHG�WR�EH�UHODWLYHO\�UDSLG�DV�QR
LPSDFWV�ZHUH�HYLGHQW���RU���\HDUV�DIWHU�GULOOLQJ�ZKHQ�FRQFHQWUDWLRQV�RI�HVWHU�LQ�VHGLPHQW�KDG�GHFOLQHG�WR�OHVV�WKDQ��
PJ�NJ���7KH�DXWKRUV�GLG�QRWH�WKDW�VDPSOH�UHSOLFDWLRQ�ZDV�D�SUREOHP�EHFDXVH�RI�WKH�SRVLWLRQ�IL[LQJ�V\VWHP�XVHG�DQG
VXJJHVWHG�WKDW�WKLV�FRXOG�DIIHFW�HVWLPDWLRQ�RI�UHFRYHU\�WLPHV�

*URZFRFN��)�%���6�/��$QGUHZV��DQG�7�3��)UHGHULFN��������3K\VLFRFKHPLFDO�SURSHUWLHV�RI�V\QWKHWLF�GULOOLQJ
IOXLGV��,$'&�63(��������3DJHV���������,Q�������,$'&�63(�'ULOOLQJ�&RQIHUHQFH��'DOODV��7;�������
)HEUXDU\�������,QWHUQDWLRQDO�$VVRFLDWLRQ�RI�'ULOOLQJ�&RQWUDFWRUV�6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF�
�,$'&�63(���5LFKDUGVRQ��7;�

$EVWUDFW��6\QWKHWLF�EDVHG�PXGV��6%0V��ZHUH�GHYHORSHG�DV�HQYLURQPHQWDOO\�IULHQGO\�DOWHUQDWLYHV�WR�FRQYHQWLRQDO
SHWUROHXP�GHULYHG�RLO�EDVHG�PXGV��2%0V���$OWKRXJK�HDFK�V\QWKHWLF�IOXLG�LV�FKHPLFDOO\�XQLTXH��WKH�SK\VLFR�
FKHPLFDO�SURSHUWLHV�RI�WKH�6%0V�H[KLELW�VRPH�FRPPRQ�WUHQGV��6%0V�DUH�VDIHU�WR�ZRUN�ZLWK��PRUH�ELRGHJUDGDEOH
DQG�PRUH�GLVSHUVLEOH�LQ�VHDZDWHU�WKDQ�FRQYHQWLRQDO�2%0V��2Q�WKH�RWKHU�KDQG��6%0V�DUH�PRUH�YLVFRXV�DW�ORZ
WHPSHUDWXUHV��WKLQ�PRUH�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��KDYH�ORZHU�WKHUPDO�VWDELOLW\�DQG�GR�QRW�GHK\GUDWH�VKDOHV�DV
UHDGLO\�DV�FRQYHQWLRQDO�2%0V��%\�DGMXVWLQJ�WKH�HPXOVLILHU�SDFNDJH�LQ�HDFK�PXG��WKHVH�SURSHUWLHV�PD\�EH�EURXJKW
PRUH�LQ�OLQH�ZLWK�WKRVH�RI�FRQYHQWLRQDO�2%0V�
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+DUWOH\��-�3��������(QYLURQPHQWDO�PRQLWRULQJ�RI�RIIVKRUH�RLO�DQG�JDV�GULOOLQJ�GLVFKDUJHV���D�FDXWLRQ�RQ�WKH�XVH�RI
EDULXP�DV�D�WUDFHU��0DULQH�3ROOXWLRQ�%XOOHWLQ�����������������

$EVWUDFW��&RPPRQO\�XVHG�PHWKRGV�IRU�H[WUDFWLQJ�EDULXP�IURP�PDULQH�VHGLPHQWV�DUH�LQHIILFLHQW�ZKHQ�KLJK
FRQFHQWUDWLRQV�RI�EDULXP�VXOIDWH�DUH�SUHVHQW�LQ�VDPSOHV��&RPSDUDWLYH�GDWD�RQ�VHD�EHG�EDULXP�FRQFHQWUDWLRQV
DURXQG�D�VLQJOH�H[SORUDWLRQ�ZHOO�DUH�SUHVHQWHG�WR�KLJKOLJKW�WKH�LQIOXHQFH�RI�GLIIHUHQW�H[WUDFWLRQ�PHWKRGV�ZKLFK�FDQ
UHVXOW�LQ�����RUGHU�RI�PDJQLWXGH�GLIIHUHQFHV�LQ�OHYHOV�UHFRUGHG��7KLV�VXJJHVWV�WKDW�LQ�PDQ\�PRQLWRULQJ�VWXGLHV�WKH
YDOXH�RI�EDULXP�DV�D�WUDFHU�RI�GLVFKDUJHG�GULOOLQJ�ZDVWHV�DQG�WKXV�DV�DQ�DLG�WR�WKH�LQWHUSUHWDWLRQ�RI�VXUYH\�GDWD�LV
UHGXFHG��7KH�HQYLURQPHQWDO�PDQDJHPHQW�LPSOLFDWLRQV�RI�WKHVH�ILQGLQJV�DUH�H[SORUHG�DQG�D�KROLVWLF�DQG�PRUH
FROODERUDWLYH�DSSURDFK�WR�HQYLURQPHQWDO�HIIHFWV�PRQLWRULQJ�LV�DGYRFDWHG�

-DFTXHV��'�)���+�(��1HZPDQ��-U���DQG�:�%��7XUQEXOO��������$�FRPSDULVRQ�RI�ILHOG�GULOOLQJ�H[SHULHQFH�ZLWK
�ORZ�YLVFRVLW\�PLQHUDO�RLO�DQG�GLHVHO�PXGV��,$'&�63(��������3DJHV���������,Q�������,$'&�63(
'ULOOLQJ�&RQIHUHQFH��1HZ�2UOHDQV��/RXLVLDQD��)HEUXDU\��������������,$'&�63(�'ULOOLQJ�&RQIHUHQFH�
5LFKDUGVRQ��7;�

$EVWUDFW��'LHVHO�KDV�EHHQ�WKH�PRVW�ZLGHO\�XVHG�EDVH�RLO�IRU�RLO�PXGV��0LQHUDO�RLO�PXGV�KDYH�IRXQG�VRPH�DSSOLFDWLRQ
ZKHUH�RSHUDWRUV�ZLVKHG�WR�GULOO�ZLWK�DQ�RLO�PXG�EXW�ZDQWHG�ORZHU�DURPDWLF�H[SRVXUH�WR�ZRUNHUV�DQG�WKH
HQYLURQPHQW��5HJXODWLRQV�KDYH�QRZ�EHHQ�HVWDEOLVKHG�WKDW�LQFUHDVH�WKH�GLIILFXOW\�RI�XVLQJ�GLHVHO�LQ�GULOOLQJ�PXGV�
)URP�D�KXPDQ�KHDOWK��VDIHW\��DQG�HQYLURQPHQWDO�LVVXHV�SHUVSHFWLYH��DOWHUQDWHV�WR�GLHVHO�PXG�KDYH�PHULW��7KLV�SDSHU
ZLOO�GHVFULEH�ODERUDWRU\�DQG�ILHOG�SHUIRUPDQFH�GDWD�FRPSDULQJ�GLHVHO�RLO�PXGV�ZLWK�D�ORZ�YLVFRVLW\��ORZ�DURPDWLF�
ORZ�WR[LFLW\�RLO�RU�HQKDQFHG�PXG�RLO��(02���DQ�LPSURYHPHQW�RYHU�WKH�HDUO\�PLQHUDO�RLOV��7KH�SK\VLFDO
FRPSRVLWLRQDO��HQYLURQPHQWDO��DQG�KXPDQ�KHDOWK�GLIIHUHQFHV�EHWZHHQ�GLHVHO�DQG�WKH�(02�PXGV�KDYH�LPSURYHG�UDWH
RI�SHQHWUDWLRQ�RYHU�GLHVHO�PXGV�ZKHQ�XVHG�XQGHU�VLPLODU�FRQGLWLRQV�E\����WR�����

-RQHV��)�9���-�+��5XVKLQJ��DQG�0�$��&KXUDQ��������7KH�FKURQLF�WR[LFLW\�RI�PLQHUDO�RLO�ZHW�DQG�V\QWKHWLF
�OLTXLG�ZHW�FXWWLQJV�RQ�DQ�HVWXDULQH�ILVK��)XQGXOXV�JUDQGLV��63(��������3DJHV���������,Q��7KH�)LUVW
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG�(QYLURQPHQW��+DJXH��7KH�1HWKHUODQGV�������
1RYHPEHU�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��2QH�RI�WKH�PDMRU�IDFWRUV�FRQFHUQLQJ�RLO�ZHW�FXWWLQJV�GLVFKDUJHV�LV�WKH�ORQJ�WHUP�HIIHFW�RQ�WKH�DTXDWLF
HQYLURQPHQW��7KLV�VWXG\�LQYHVWLJDWHV�WKH�VXUYLYDO�DQG�JURZWK�RI�WKH�PXG�PLQQRZ��)XQGXOXV�JUDQGLV��ZKHQ�H[SRVHG
WR�GLIIHUHQW�FRQFHQWUDWLRQV�RI�PLQHUDO�RLO�ZHW�DQG�V\QWKHWLF�OLTXLG�ZHW�FXWWLQJV�LQ�IORZ�WKURXJK�ELRDVVD\�FKDPEHUV�

7KH�WHVW�IOXLGV�ZHUH�D�ORZ�DURPDWLF�PLQHUDO�RLO�EDVHG�PXG��02%0��DQG�D�V\QWKHWLF�OLTXLG�EDVHG�PXG��6%0���(DFK
WHVW�IOXLG�ZDV�DGGHG�WR�D�FRQWDLQHU�RI�GULHG�ZDWHU�EDVHG�FXWWLQJV�ZKLFK�FRQWDLQHG�PLQLPXP�K\GURFDUERQV��7KH�IOXLG
DQG�FXWWLQJV�ZHUH�PL[HG�WR�REWDLQ�WKH�GHVLUHG�WHVW�FRQFHQWUDWLRQV��7KH�VWXG\�WHVWHG�WKUHH�FRQFHQWUDWLRQV���������
DQG������E\�GU\�ZHLJKW��RI�HDFK�IOXLG�RQ�WKH�FXWWLQJV�

*URZWK�UDWHV�GXULQJ�WKH����GD\�SHULRG�ZHUH�PRGHVW�ZLWK�ILVK�LQ����02%0�ORVLQJ�ZHLJKW��7KH�KLJKHVW�SHUFHQW
JURZWK�UDWHV�ZHUH�REWDLQHG�ZLWK�ILVK�FXOWXUHG�LQ����6%0�DQG�WKH�FRQWUROV��+RZHYHU��RYHUDOO�JURZWK�ZDV�QRW
VLJQLILFDQWO\�GLIIHUHQW�EHWZHHQ�WUHDWPHQWV��0HDQ�JURZWK�GLG�VKRZ�D�VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�FRQWUROV�DQG���
6%0��DQG�RWKHU�WUHDWPHQWV�
�

-RQHV��)�9���&��+RRG��DQG�*��0RLVH\FKHQNR��������,QWHUQDWLRQDO�PHWKRGV�RI�HYDOXDWLQJ�WKH�GLVFKDUJH�RI
GULOOLQJ�IOXLGV�LQ�PDULQH�HQYLURQPHQWV��63(��������,Q�������63(�,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+HDOWK�
6DIHW\�DQG�(QYLURQPHQW�LQ�2LO�DQG�*DV�([SORUDWLRQ�DQG�3URGXFWLRQ��&DUDFDV��9HQH]XHOD�������-XQH
������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�����SS�

$EVWUDFW��5HVWULFWLRQV�RQ�WKH�GLVFKDUJH�RI�GULOOLQJ�PXG�DQG�FXWWLQJV�DURXQG�WKH�ZRUOG�DUH�JRYHUQHG�E\�VWDQGDUGV�
QRUPV��ODZV�DQG�UHJXODWLRQV�GHVLJQHG�WR�SURYLGH�SURWHFWLRQ�WR�WKH�VXUURXQGLQJ�PDULQH�HQYLURQPHQW��2SHUDWLRQV
KDYH�EHHQ�RQJRLQJ�LQ�ZDWHUV�RII�WKH�$PHULFDQ�FRDVWV�DQG�WKH�1RUWK�6HD�IRU�WKH�ORQJHVW�SHULRG�RI�WLPH�DQG�ERWK
DUHDV�KDYH�GHYHORSHG�WKH�PRVW�GHWDLOHG�VHW�RI�UHVWULFWLRQV�DQG�WHVWLQJ�RI�ERWK�WKH�GLVFKDUJHV�DQG�WKH�FKHPLFDOV�XVHG
LQ�GULOOLQJ�
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6LQFH�WKH�ODWH�����
V��RIIVKRUH�RSHUDWLRQV�KDYH�H[SDQGHG�WKURXJKRXW�WKH�ZRUOG�LQ�$IULFD��6RXWK�$PHULFD��WKH�0LGGOH
(DVW��$VLD��DQG�LQ�RWKHU�DUHDV��,Q�PDQ\�LQVWDQFHV�WKHVH�FRXQWULHV�KDYH�GHYHORSHG�WKHLU�RZQ�VWDQGDUGV�DQG
UHTXLUHPHQWV�IRU�GLVFKDUJHV�HLWKHU�WKURXJK�LQGLYLGXDO�FRXQWU\�ODZV�RU�WKURXJK�LQWHUQDWLRQDO�VWDQGDUGV��L�H���WKH
%DOWLF�6HD�&RQYHQWLRQ���0HWKRGRORJLHV�XVHG�WR�HYDOXDWH�GULOOLQJ�IOXLGV�DQG�WKHLU�GLVFKDUJHV�LQFOXGH��ELRWHVWLQJ��RI
ERWK�ZKROH�PXG�DQG�WKH�LQGLYLGXDO�FKHPLFDOV���FKHPLFDO�UHVWULFWLRQV�DQG�DQDO\VLV��RLO�FRQWHQW��ELRGHJUDGDELOLW\�WR
QDPH�EXW�D�IHZ�

+RZ�EHVW�WR�HYDOXDWH�WKHVH�GLVFKDUJHV�DURXQG�WKH�ZRUOG�KDV�EHFRPH�SUREOHPDWLF��7KH�FRVW�RI�WHVWLQJ�IOXLGV�IRU�HDFK
QHZ�YHQWXUH�LV�ERWK�FRVWO\��WLPH�FRQVXPLQJ��DQG�LQ�PDQ\�LQVWDQFHV�XQZDUUDQWHG��+RZHYHU��HDFK�UHJLRQ�DQG�FRXQWU\
KDV�WKH�ULJKW�DQG�OHJDO�DQG�PRUDO�REOLJDWLRQ�WR�DVVXUH�WKDW�DQ\�LQGXVWULDO�DFWLYLW\�RII�WKHLU�FRDVW�LV�FRQWUROOHG�DQG
WKH�HQYLURQPHQW�SURYHQ�VDIH�IURP�WKHVH�DFWLYLWLHV�

7KLV�SDSHU�GLVFXVVHV�WKH�YDULRXV�PHWKRGV�DQG�PHWKRGRORJLHV�WKDW�KDYH�EHHQ�XVHG�DURXQG�WKH�ZRUOG�WR�HYDOXDWH
GULOOLQJ�IOXLGV�DQG�WKHLU�DSSURYDO�IRU�GLVFKDUJHV��7KH�SDSHU�GHVFULEHV�WKH�SRVLWLYH�DQG�QHJDWLYH�DVSHFWV�RI�WKHVH
PHWKRGV�DQG�FRPSDUHV�UHVXOWV�IURP�WKUHH�PDMRU�RIIVKRUH�DUHDV�ZKHUH�RSHUDWLRQV�DUH�FXUUHQWO\�EHLQJ�FRQGXFWHG�
8�6���1RUWK�6HD��DQG�5XVVLD��2WKHU�DUHD�PHWKRGRORJLHV�DQG�UHVWULFWLRQV�DUH�GLVFXVVHG�DOVR��3RWHQWLDO�HQYLURQPHQWDO
LPSDFWV�RI�GULOOLQJ�IOXLG�DQG�FXWWLQJV�GLVFKDUJHV�DUH�HYDOXDWHG�E\�WR[LFLW\�WHVWV��7KHUH�LV�GLVDJUHHPHQW�DERXW�ZKHWKHU
LQGLYLGXDO�GULOOLQJ�PXG�FKHPLFDOV�RU�ZKROH�GULOOLQJ�PXGV�VKRXOG�EH�WHVWHG��,Q�WKH�8�6���ZKROH�PXGV�DUH�WHVWHG�ZLWK
P\VLGV��,Q�WKH�1RUWK�6HD�FRXQWULHV�DQG�5XVVLD��GULOOLQJ�PXG�FKHPLFDOV�DQG�LQ�VRPH�FDVHV��ZKROH�GULOOLQJ�PXGV��DUH
WHVWHG�ZLWK�VHYHUDO�VSHFLHV�DW�GLIIHUHQW�WURSKLF�OHYHOV�LQ�WKH�PDULQH�IRRG�ZHE��&KURQLF�WHVWV�PD\�EH�LQFOXGHG�

.HQQ\��3��1RYHPEHU����������(VWHU�EDVHG�PXGV�VKRZ�SURPLVH�IRU�UHSODFLQJ�VRPH�RLO�EDVHG�PXGV��2LO�DQG�*DV
�-RXUQDO���������������

$EVWUDFW��(VWHU�EDVHG�GULOOLQJ�PXGV�KDYH�VHYHUDO�DGYDQWDJHV�RYHU�RLO�EDVHG�PXGV�WKDW�PD\�PDNH�WKHP�VXLWDEOH
UHSODFHPHQWV�IRU�2%0�LQ�VRPH�DSSOLFDWLRQV�LQ�WKH�1RUZHJLDQ�1RUWK�6HD��7KHUH�LV�VXEVWDQWLDO�FRVW�VDYLQJV�LI
V\QWKHWLF�EDVHG�PXG�FXWWLQJV�FDQ�EH�GLVFKDUJHG�WR�WKH�RFHDQ��+RZHYHU��HVWHU�EDVHG�PXGV�KDYH�D�WR[LFLW\�WR�PDULQH
RUJDQLVPV�VLPLODU�WR�WKDW�RI�WKH�VWDQGDUG�ORZ�WR[LFLW\�RLO�EDVHG�PXGV��7KH�VRXUFH�RI�WKH�WR[LFLW\�RI�HVWHU�EDVHG�PXGV
LV�QRW�NQRZQ��EXW�LV�WKRXJKW�WR�EH�GXH�WR�VRPH�RI�WKH�DGGLWLYHV��H�J���HPXOVLILHUV��LQ�WKH�PXG�

.HQQ\��3���0��1RUPDQ��$�0��)ULHVWDG��DQG�%��5LVYLN��������7KH�GHYHORSPHQW�DQG�ILHOG�WHVWLQJ�RI�D�OHVV
KD]DUGRXV�DQG�WHFKQLFDOO\�VXSHULRU�RLO�EDVHG�GULOOLQJ�IOXLG��63(��������3DJHV���������,Q�
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+HDOWK�6DIHW\�DQG�(QYLURQPHQW��1HZ�2UOHDQV��/RXLVLDQD�������-XQH
������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��7KLV�SDSHU�GHVFULEHV�WKH�GHYHORSPHQW�DQG�VXEVHTXHQW�ILHOG�UHVXOWV�RI�D�QHZ�LQYHUW�HPXOVLRQ��ORZ�WR[LFLW\�
RLO�EDVHG�GULOOLQJ�IOXLG��/72%0���7KH�QHZ�IOXLG�ZDV�GHYHORSHG�LQ�UHVSRQVH�WR�WKH�DQWLFLSDWHG�LQFUHDVHG�XVDJH�RI
/72%0��DQG�SULPDU\�FRQVLGHUDWLRQV�LQ�WKH�GHYHORSPHQW�ZHUH�WKRVH�RI�ZRUNLQJ�FRQGLWLRQV��WKH�HQYLURQPHQW�
WHFKQLFDO�SHUIRUPDQFH�DQG�HFRQRPLFV�

'HYHORSPHQWV�LQ�LQYHUW�HPXOVLRQ�GULOOLQJ�IOXLGV�KDYH��RYHU�UHFHQW�\HDUV��EHHQ�FRQFHQWUDWHG�LQ�WKH�DUHDV�RI�UHGXFLQJ
HQYLURQPHQWDO�LPSDFW��DQG�LPSURYLQJ�WHFKQLFDO�SHUIRUPDQFH��/72%0�KDYH��DV�D�UHVXOW�RI�WKLV��EHHQ�ODUJHO\
UHSODFHG�E\�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��6%0���ZKLFK�H[KLELW�VLPLODU��RU�LPSURYHG�WHFKQLFDO�SHUIRUPDQFH��ZKLOVW
FODLPLQJ�WR�KDYH�UHGXFHG�HQYLURQPHQWDO�LPSDFW��7KLV�GHYHORSPHQW�IRFXV�KDV�UHVXOWHG�LQ�YHU\�IHZ�FKDQJHV�EHLQJ
PDGH�WR�/72%0�VLQFH�WKH�UHSODFHPHQW�RI�GLHVHO�E\�ORZ�WR[LFLW\�PLQHUDO�RLO�

7KH�RFFXSDWLRQDO�KHDOWK�KD]DUGV�LQYROYHG�LQ�XVLQJ�6%0�KDYH��KRZHYHU��SURYHQ�WR�EH�VLPLODU��RU�RFFDVLRQDOO\�ZRUVH�
WKDQ�ZLWK�/72%0��6XFK�KHDOWK�SUREOHPV�FDQ�EH�PDLQO\�DWWULEXWHG�WR�WZR�FRPSRQHQWV��WKH�EDVH�IOXLG�DQG�OLPH��WKH
ODWWHU�EHLQJ�D�PDMRU�FRQWULEXWRU�WR�VNLQ�LUULWDWLRQ�SUREOHPV��DQG�WKH�IRUPHU�WR�ERWK�VNLQ�LUULWDWLRQ��DQG�LQKDODWLRQ
SUREOHPV��7KHUH�KDV�EHHQ�D�ODFN�RI�RFFXSDWLRQDO�KHDOWK�VWXGLHV�FDUULHG�RXW�ZLWK�UHVSHFW�WR�WKH�XVH�RI�6%0�FRPSDUHG
WR�/72%0�

7KLV�SDSHU�GHVFULEHV�WKH�ODERUDWRU\�WHVWLQJ�FRQGXFWHG��DQG�UHVXOWV�REWDLQHG�GXULQJ�WKH�GHYHORSPHQW��ZKHUH�VHYHUDO
EDVH�IOXLGV�ZHUH�VFUHHQHG��DORQJ�ZLWK�D�PXOWLWXGH�RI�IOXLG�DGGLWLYHV��SULRU�WR�REWDLQLQJ�WKH�RSWLPDO�IRUPXODWLRQ��7KH
ILQDO�IOXLG�ZDV�GHVLJQHG�IRU�XVH�RQ�KLJK�WHPSHUDWXUH�KLJK�SUHVVXUH�ZHOOV�DQG�H[WHQGHG�UHDFK�ZHOOV��DV�ZHOO�DV�PRUH



��

�QRUPDO�ZHOOV���7KH�ODERUDWRU\�GDWD�SUHVHQWHG�LV�VXSSRUWHG�E\�ILHOG�GDWD�IURP�WKH�VXFFHVVIXO�XVH�RI�WKH�V\VWHP�DV�D
ZRUNHU�IULHQGO\��KLJK�SHUIRUPDQFH��/72%0�GULOOLQJ�IOXLG�

%DVH�RLOV�IRU�/72%0V�WHVWHG�LQ�VROLG�SKDVH�ELRDVVD\V�ZLWK�WKH�FODP�$EUD�DOED�KDG�DFXWH�WR[LFLWLHV�LQ�WKH�UDQJH�RI
���WR�����PJ�NJ��7KH�FRPSOHWH�PXG�V\VWHPV�KDG�WR[LFLWLHV�RI����WR�����PJ�NJ�

.LQJVWRQ��3�)��������,PSDFW�RI�RIIVKRUH�RLO�SURGXFWLRQ�LQVWDOODWLRQV�RQ�WKH�EHQWKRV�RI�WKH�1RUWK�6HD��,&(6�-RXUQDO�RI
0DULQH�6FLHQFH�����������

$EVWUDFW��,QSXW�RI�FRQWDPLQDQWV�LQWR�WKH�VHD�DVVRFLDWHG�ZLWK�RIIVKRUH�RLO�GULOOLQJ�DQG�SURGXFWLRQ�LQFOXGH�DFFLGHQWDO
VSLOODJH��GLVFKDUJH�RI�FXWWLQJV�DQG�GLVFKDUJH�RI�SURGXFWLRQ�ZDWHU��2I�WKHVH��RLO�GLVFKDUJHG�RQ�GULOOLQJ�FXWWLQJV�LV�E\
IDU�WKH�JUHDWHVW�VRXUFH�RI�RLO�SROOXWLRQ�LQ�WKH�1RUWK�6HD�IURP�WKHVH�RSHUDWLRQV��KDYLQJ�SHDNHG�LQ������DW�������
WRQQHV��7KH�UHVSRQVH�WR�WKH�VHDEHG�IDXQD�WR�WKHVH�LQSXWV�KDV�EHHQ�VKRZQ�WR�IROORZ�HVWDEOLVKHG�SDWWHUQV�LQ�ZKLFK
WKHUH�PD\�EH�KLJK�LQGLYLGXDO�DEXQGDQFH�RI�D�IHZ�VSHFLHV�FORVH�WR�WKH�VRXUFH�RI�FRQWDPLQDWLRQ��RUJDQLF�HQULFKPHQW
HIIHFW��RU�D�UHGXFHG�QXPEHU�RI�LQGLYLGXDOV�ZLWK�IHZ�VSHFLHV�FORVH�WR�WKH�LQVWDOODWLRQ��VPRWKHULQJ�RU�WR[LF�HIIHFW��
'LYHUVLW\�VKRZV�D�VLPLODU�SDWWHUQ�WR�VSHFLHV�ULFKQHVV��ERWK�DUH�ORZ�LQ�WKH�LPPHGLDWH�YLFLQLW\�RI�WKH�LQVWDOODWLRQ��DQG�
LQ�PRVW�FDVHV��DWWDLQLQJ�SUHRSHUDWLRQDO�OHYHOV�ZLWKLQ������P��+LJK�OHYHOV�RI�K\GURFDUERQ�FRQWDPLQDWLRQ�KDYH�DOVR
EHHQ�VKRZQ�WR�EH�FRQFHQWUDWHG�DURXQG�LQVWDOODWLRQV��7KHUH�DUH�LQGLFDWLRQV�WKDW�D�IDOO�LQ�GLYHUVLW\�FDQ�EH�H[SHFWHG
ZKHQ�WRWDO�K\GURFDUERQ�FRQFHQWUDWLRQV�LQ�WKH�VHGLPHQW�UHDFK�������SSP��7KHUH�LV�DOVR�LQFUHDVLQJ�HYLGHQFH�WR
VXJJHVW�WKDW�IRU�VRPH�DUHDV�ZKHUH�WKHUH�KDV�EHHQ�LQWHQVLYH�GULOOLQJ�SURGXFWLRQ�DFWLYLW\�ZLWK�2%0��H�J��6KHWODQG
%DVLQ���WKHUH�KDV�EHHQ�D�VLJQLILFDQW�ULVH�LQ�K\GURFDUERQ�OHYHOV�LQ�WKH�VHGLPHQW�DW�GLVWDQFHV�EHWZHHQ���DQG����NP
IURP�LQVWDOODWLRQV�

/HH��%��������7KH�XVH�RI�V\QWKHWLFV�LQ�ZHOO�GULOOLQJ�IOXLGV�IRU�WKH�RIIVKRUH�RLO�ILHOG��$PHULFDQ�&KHPLFDO
6RFLHW\��'LY��2I�)XHO�&KHPLVWU\��3UHSULQWV�RI�6\PSRVLD���������������

$EVWUDFW��$V�*XOI�RI�0H[LFR�RIIVKRUH�GULOOLQJ�PRYHV�LQWR�GHHSHU�ZDWHUV�DQG�LQWR�PRUH�GHPDQGLQJ�FRQGLWLRQV�LQ
WHUPV�RI�WKH�GHSWK�DQG�W\SH�RI�ZHOOV��GHYLDWHG�RU�KRUL]RQWDO���GULOOLQJ�PXGV�SURYLGLQJ�KLJKHU�OXEULFLW\�DQG�EHWWHU
KROH�VWDELOLW\�DUH�QHHGHG��3UHYLRXVO\��RLO�EDVHG�PXGV��2%0V��WKDW�DUH�SULPDULO\�EDVHG�RQ�GLHVHO�RLO�PHW�WKLV�QHHG�
+RZHYHU��WKH�RQ�VLWH�GLVFKDUJH�RI�FXWWLQJV�IURP�ZHOOV�GULOOHG�XVLQJ�2%0V�ZDV�EDQQHG�LQ�WKH�HDUO\�����V��6\QWKHWLF
EDVHG�PXGV��6%0V��ZHUH�LQWURGXFHG�WKDW�DUH�SUHSDUHG�XVLQJ�V\QWKHWLFDOO\�GHULYHG�EDVH�IOXLGV��6%0V�ZHUH
GHYHORSHG�WR�SURYLGH�DQ�HQYLURQPHQWDOO\�VDIH�DOWHUQDWLYH�GULOOLQJ�PXG�WKDW�ZRXOG�PHHW�ERWK�WKH�VHYHUH�GULOOLQJ�PXG
UHTXLUHPHQWV�DQG�WKH�QHHG�IRU�FXWWLQJV�GLVFKDUJH�LQWR�WKH�RFHDQ��7KHVH�EDVH�IOXLGV�DUH�FKHPLFDOO\�V\QWKHVL]HG�IURP
WKH�UHDFWLRQ�RI�VSHFLILF�SXULILHG�FKHPLFDO�IHHGVWRFNV�WR�JLYH�UHDGLO\�FKDUDFWHUL]HG�SURGXFWV��7KH�V\QWKHWLF�IOXLGV�XVHG
LQ�WKH�*XOI�RI�0H[LFR�WRGD\�DUH�OLQHDU�DOSKD�ROHILQV��/$2V���LVRPHUL]HG�ROHILQV��,2V���SRO\�DRSKD�ROHILQV��3$2V�
DQG�HVWHUV��$�GHVFULSWLRQ�RI�WKHLU�FKHPLVWU\��EH�EHQHILWV�WKH\�SURYLGH�DQG�WKH�UHJXODWRU\�LVVXHV�VXUURXQGLQJ�WKHLU�XVH
LV�GLVFXVVHG�

/LH��+�1���-�5��+DVOH��DQG�.��7KRUEMRUQVHQ��������0RGHOOLQJ�DQG�PRQLWRULQJ�RI�GULOOLQJ�GLVFKDUJHV�LQ�WKH
�%DUHQWV�6HD��3DJHV���������,Q��3URFHHGLQJV��(QYLURQPHQWDO�0RGHOOLQJ�6HPLQDU��7URQGKHLP�
1RUZD\��������$XJXVW�������6,17()�*URXS��7URQGKHLP��1RUZD\�

$EVWUDFW��0RGHOOLQJ�DQG�PRQLWRULQJ�RI�VHDEHG�GLVWULEXWLRQ�RI�GULOO�FXWWLQJV�DQG�GULOOLQJ�PXG�KDV�EHHQ�SHUIRUPHG�DV
SDUW�RI�WKH�HQYLURQPHQWDO�SURJUDPPH�IRU�H[SORUDWLRQ�ZHOO���������V�LQ�WKH�:HVWHUQ�%DUHQWV�6HD�LQ�������0RGHOOLQJ
SULRU�WR�GULOOLQJ�ZDV�EDVHG�RQ�H[SHULHQFH�ZHOO�GDWD�DQG�KLVWRULFDO�FXUUHQW�PHDVXUHPHQW�IURP�WKH�UHJLRQ��7KH
PRGHOOLQJ�ZDV�UHSHDWHG�DIWHU�GULOOLQJ��EDVHG�RQ�PHDVXUHG�GLVFKDUJH�TXDQWLWLHV�DQG�SDUWLFOH�VL]HV��DQG�PHDVXUHG
FXUUHQW�GXULQJ�WKH�GULOOLQJ�SHULRG��JLYLQJ�OHVV�ORFDO�VHGLPHQWDWLRQ�DQG�GLVWULEXWLRQ�RYHU�D�PXFK�ZLGHU�DUHD�
$FFRUGLQJ�WR�WKH�PRGHOOLQJ�RQO\����RI�WKH�GULOOLQJ�PXG�EDU\WH�ZRXOG�VHWWOH�ZLWKLQ�������P�IURP�WKH�GULOOLQJ

PRGHOOLQJ�UHVXOWV�ZHUH�FRQILUPHG�E\�VHGLPHQW�DQDO\VHV��ZKLFK�VKRZHG�WKDW�WKH�GULOOLQJ�GLVFKDUJHV�LQFUHDVHG�WKH
VHGLPHQW�EDULXP�FRQWHQW�E\������DW�GLVWDQFH�������������P�IURP�WKH�SODWIRUP��FRUUHVSRQGLQJ�WR�D�����P�EDU\WH�WRS
OD\HU��5HDVRQ�IRU�WKH�ZLGH�GLVWULEXWLRQ�DQG�OLPLWHG�ORFDO�VHGLPHQWDWLRQ�PD\�EH�WLGDO�FXUUHQW�GRPLQDQFH�DQG�ODUJH
ZDWHU�GHSWK������P��

platform, resulting in a very thin sediment layer (0. 05 • m). 53% of the baryte would spread more than IO km. The 



��

/LPLD��-�0��������6HDEHG�VXUYH\V��WKH�EHVW�PHDQV�WR�DVVHVV�WKH�HQYLURQPHQWDO�LPSDFW�RI�GULOOLQJ�IOXLG
�GLVFKDUJHV"�63(��������3DJHV����������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW���/DERUDWRU\�ELRGHJUDGDWLRQ�WHVWV�ZHUH�FRPSDUHG�WR�ILHOG�VXUYH\V�IRU�DVVHVVLQJ�WKH�SHUVLVWHQFH�
ELRGHJUDGDWLRQ��DQG�HIIHFWV�RI�GLVFKDUJHG�6%0�LQ�WKH�EHQWKLF�HQYLURQPHQW��7KH�FXUUHQWO\�DSSURYHG�ELRGHJUDGDWLRQ
WHVW�SURWRFROV�GR�QRW�SURGXFH�FRQVLVWHQW�QRU�UHOHYDQW�LQIRUPDWLRQ�DERXW�WKH�ELRGHJUDGDELOLW\�RI�GULOOLQJ�IOXLGV�XQGHU
WKH�FRQGLWLRQV�IRXQG�LQ�PDULQH�VHGLPHQWV��,W�LV�GHVLUDEOH�WR�KDYH�LQGXVWU\�DFFHSWDQFH�RI�D�ELRGHJUDGDWLRQ�WHVW
VLPLODU�WR�WKH��VROLG�ELRGHJUDGDWLRQ�WHVW��GHVLJQHG�E\�WKH�6FRWWLVK�2IILFH�RI�$JULFXOWXUH�DQG�)LVKHULHV�'HSDUWPHQW�
7KH�JHQHUDWLRQ�RI�DQR[LD�LQ�PDULQH�VHGLPHQWV��IROORZLQJ�WKH�GLVFKDUJH�RI�RUJDQLF�PDWWHU��GHSHQGV�RQ�WKH�DPRXQW
GLVFKDUJHG��FRQFHQWUDWLRQ�LQ�WKH�VHGLPHQW���UDWKHU�WKDQ�LWV�ELRGHJUDGDWLRQ�UDWH��7KH�UDSLG�ELRGHJUDGDWLRQ�RI�HVWHUV�
HYHQ�XQGHU�WKHVH�DQDHURELF�FRQGLWLRQV��PHDQV�WKDW�LWV�UHVLGHQFH�WLPH�LQ�WKH�VHGLPHQW�LV�VKRUW��7KXV��UHFRYHU\�RI�WKH
LPSDFWHG�DUHD�FDQ�EH�H[SHFWHG�ZLWKLQ�D�\HDU��6HDEHG�VXUYH\V��SURSHUO\�FRQGXFWHG��DUH�VWLOO�WKH�XOWLPDWH�WRRO�WR
DVVHVV�WKH�HQYLURQPHQWDO�LPSDFW�RI�WKH�GLVFKDUJH�RI�GULOOLQJ�FXWWLQJV��,Q�WKH�VHDEHG�VXUYH\�SUHVHQWHG�KHUH��WKH
LQWHQVLW\�DQG�H[WHQVLRQ�RI�WKH�LPSDFW�ZHUH�GHWHFWHG�DQG�DOVR�WKH�GHJUHH�RI�UHFRYHU\�

7KH�ZHOO�ZDV�GULOOHG�LQ����P�RI�ZDWHU�ZLWK�3HWURIUHH��DQ�HVWHU�EDVHG�6%0��$�WRWDO�RI�����PHWULF�WRQV�RI�HVWHU�ZDV
GLVFKDUJHG�ZLWK�FXWWLQJV�GXULQJ�GULOOLQJ��7KH�GLVFKDUJH�ZDV�DW�DERXW���P�EHORZ�WKH�VHD�VXUIDFH�WR�PD[LPL]H�PXG
DQG�FXWWLQJV�GLVSHUVLRQ��2QH�PRQWK�DIWHU�FRPSOHWLRQ�RI�GLVFKDUJHV��HVWHU�FRQFHQWUDWLRQV�LQ�VXUILFLDO�VHGLPHQWV
FROOHFWHG�EHWZHHQ����DQG�����P�IURP�WKH�GLVFKDUJH�UDQJHG�IURP����WR�����PJ�NJ�GU\�VHGLPHQW��6HGLPHQWV�ZHUH
UHVDPSOHG�IRXU�PRQWKV�DIWHU�WKH�GLVFKDUJHV�DQG�FRQWDLQHG�KLJKHU�FRQFHQWUDWLRQV�RI�HVWHU�WKDQ�WKH���PRQWK�VDPSOHV
GLG�����WR�����PJ�NJ��7KLV�ZDV�DWWULEXWHG�WR�GLVSHUVLRQ�RI�WKH�FXWWLQJV�SLOH��6XUIDFH�VHGLPHQWV�IURP����P�IURP�WKH
SODWIRUP�ZHUH�DQR[LF�DQG�WKH�WRWDO�IDXQDO�DEXQGDQFH�ZDV�ORZ��6HGLPHQWV�IURP�VWDWLRQV�����WR�������P�IURP�WKH
GLVFKDUJH�KDG�QRUPDO�EHQWKLF�FRPPXQLWLHV��$IWHU����PRQWKV��FRQFHQWUDWLRQV�RI�HVWHU�LQ�VHGLPHQWV�KDG�GHFUHDVHG�WR
WKH�UDQJH�RI����WR�����PJ�NJ��7KH�HVWLPDWH�KDOI�OLIH�RI�HVWHU�LQ�VLWH�VHGLPHQWV�ZDV�HVWLPDWHG�DW�����GD\V��7KH�EHQWKLF
FRPPXQLW\�DW����P�VWDWLRQV��DOWKRXJK�VWLOO�DIIHFWHG�E\�WKH�GLVFKDUJHV��VKRZHG�VLJQV�RI�VLJQLILFDQW�UHFRYHU\�
FRPSDUHG�WR���PRQWK�VDPSOHV�

/LPLD��-�0��������6LOLFD�PLFUR�HQFDSVXODWLRQ��D�WHFKQRORJ\�IRU�WKH�HOLPLQDWLRQ�RI�WKH�HQYLURQPHQWDO�LPSDFW�RI
FXWWLQJV�GLVFKDUJHV��63(�������������63(�(3$�([SORUDWLRQ�DQG�3URGXFWLRQ�(QYLURQPHQWDO
&RQIHUHQFH��$XVWLQ��7;��6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��5LFKDUGVRQ��7;��3S����������

$EVWUDFW���$�QHZ�DSSURDFK�LV�UHTXLUHG�LQ�RUGHU�WR�HOLPLQDWH�WKH�HQYLURQPHQWDO�LPSDFW�RI�WKH�GLVFKDUJH�RI�FXWWLQJV
FRQWDPLQDWHG�ZLWK�LQYHUW�HPXOVLRQ�GULOOLQJ�IOXLGV��8S�WR�QRZ��PXFK�HPSKDVLV�KDV�EHHQ�JLYHQ�WR�WKH�LQKHUHQW
HQYLURQPHQWDO�FKDUDFWHULVWLFV�RI�WKH�IOXLGV�WKHPVHOYHV��WR[LFLW\��ELRGHJUDGDELOLW\��HWF���EXW�OLWWOH�RU�QR�DWWHQWLRQ�KDV
EHHQ�GHGLFDWHG�WR�WKH�PHFKDQLVPV�RI�HQYLURQPHQWDO�LPSDFW�

7KH�PDLQ�PHFKDQLVP�RI�LPSDFW�RI�WKH�GLVFKDUJH�RI�GULOOHG�FXWWLQJV�LV�WKH�RUJDQLF�HQULFKPHQW�RI�WKH�PDULQH�VHGLPHQW�
2UJDQLF�HQULFKPHQW�LV�D�VLWXDWLRQ�GHULYHG�IURP�WKH�DFFXPXODWLRQ�RI�RUJDQLF�PDWWHU�LQ�FRQFHQWUDWLRQV�H[FHHGLQJ�WKH
¦SURFHVVLQJ�FDSDFLW\§�RI�WKH�UHFHLYLQJ�HQYLURQPHQW��WKH�R[\JHQ�GHPDQG�H[FHHGV�WKH�VXSSO\��

6LOLFD�PLFUR�HQFDSVXODWLRQ�ZLOO�HOLPLQDWH�WKH�SRVVLELOLW\�RI�RUJDQLF�HQULFKPHQW�DV�ZHOO�DV�WKH�GLUHFW�WR[LF�HIIHFWV�RI
WKH�IOXLGV�FRDWLQJ�WKH�GLVFKDUJHG�FXWWLQJV��2QFH�WKH�RLO�DWWDFKHG�WR�WKH�FXWWLQJV�LV�HQFDSVXODWHG��WKH�FXWWLQJV�EHFRPH
ZDWHU�ZHWWHG��ZKLFK�OHDGV�WR�WKHLU�GLVSHUVLRQ�LQ�WKH�ZDWHU�FROXPQ��DV�LV�WKH�FDVH�ZLWK�ZDWHU�EDVHG�PXG�FXWWLQJV��
7KH�GLVSHUVLRQ�RI�WKH�FXWWLQJV�ZLOO�PLQLPL]H�WKH�ORDG�RI�IOXLG�LQ�WKH�VHGLPHQW��,Q�DGGLWLRQ��WKH�HQFDSVXODWHG�RLO�LV�QRW
ELR�DYDLODEOH��WKHUHIRUH�WKHVH�FXWWLQJV�ZLOO�QRW�KDYH�DQ�R[\JHQ�GHPDQG�ZKLFK�ZLOO�SUHYHQW�RUJDQLF�HQULFKPHQW�

0F,OUR\��:��������5HYLHZ�RI�%+3
V�H[SHULHQFH�LQWR�WKH�SHUVLVWHQFH�RI�GULOOLQJ�IOXLGV�SROOXWDQWV��3DJHV��������
�,Q��,QWHUQDWLRQDO�:RUNVKRS�RQ�'ULOOLQJ�)OXLGV�(FRWR[LFRORJ\�DQG�%LRGHJUDGDWLRQ��&XUWLQ�8QLYHUVLW\�
3HUWK��:HVWHUQ�$XVWUDOLD������2FWREHU������

$EVWUDFW��)LHOG�VWXGLHV�ZHUH�SHUIRUPHG�LQ�$XVWUDOLDQ�ZDWHUV�WR�GHWHUPLQH�WKH�HIIHFWV�RI�GLVFKDUJHV�RI�:%0�DQG
6%0��,W�LV�HYLGHQW�WKDW�WKHUH�DUH�FKDQJHV�WR�WKH�ORFDO�HQYLURQPHQW�DV�D�UHVXOW�RI�GULOOLQJ�IOXLG�DQG�FXWWLQJV�GLVFKDUJH�
'HVSLWH�WKH�IOXLG�V\VWHP�HPSOR\HG��L�H���ZDWHU�EDVHG�RU�V\QWKHWLF�EDVHG��PRVW�LPSDFWV�ZHUH�QRWHG�WR�RFFXU�ZLWKLQ
����P�RI�WKH�ZHOOKHDG�ORFDWLRQ��7KH�ZDWHU�EDVHG�PXG�V\VWHP�HPSOR\HG�LQ�WKH�KLJK�HQHUJ\�HQYLURQPHQW�RI�WKH�2WZD\
%DVLQ�VKRZHG�QR�SHUVLVWHQFH�RQH�\HDU�IROORZLQJ�WKH�GULOOLQJ�SURJUDP��:LWKLQ�WKUHH�PRQWKV��IOXLG�GLVFKDUJH�LPSDFWV
IRU�FRQWDPLQDQWV�DQG�IDXQD�GLYHUVLW\�ZHUH�FRQILQHG�WR�ZLWKLQ�����P��6%0�GLVFKDUJHG�WR�WKH�7LPRU�6HD�VKRZHG�OLWWOH

-



���

SHUVLVWHQFH�RQH�\HDU�DIWHU�GULOOLQJ��\HW�VRPH�FRQWDPLQDQWV�ZHUH�VWLOO�HYLGHQW�ZLWKLQ�����P�RI�WKH�ZHOOKHDG���7KHUH
ZDV�VRPH�HYLGHQFH�RI�VPRWKHULQJ�RI�EHQWKLF�IDXQD�DW�ERWK�VLWHV��KRZHYHU��D�VWRUP�FDXVHG�D�PDMRU�GLVWXUEDQFH�WR�WKH
EHQWKLF�FRPPXQLW\�DW�WKH�7LPRU�6HD�VLWH��PDNLQJ�LW�LPSRVVLEOH�WR�GHWHUPLQH�HIIHFWV�RI�WKH�6%0�GLVFKDUJH�

0F,QW\UH��-��������0HPRUDQGXP�IURP�-DPLH�0F,QW\UH��$YDQWL�&RUS��WR�-RVHSK�'DO\��8�6��(3$�($'�
�UHJDUGLQJ�VXPPDU\�VWDWLVWLFV�IRU�V\QWKHWLF�EDVHG�IOXLG��6%)��UHWHQWLRQ�GDWD�����SS�

$EVWUDFW��*UDSKV�VKRZLQJ�SHUFHQW�UHWHQWLRQ�RI�6%0�RQ�FXWWLQJV��EDVHG�RQ�VWXGLHV�RI�WKH�$3,�5HWHQWLRQ�2Q�&XWWLQJV
:RUN�*URXS�DUH�VXPPDUL]HG��3HUFHQW�UHWHQWLRQ�YDULHV�IURP�OHVV�WKDQ���WR�PRUH�WKDQ����SHUFHQW�DQG�VHHPV�LQ�VRPH
FDVHV�WR�LQFUHDVH�ZLWK�ZHOO�GHSWK�

0F,QW\UH��-��������0HPRUDQGXP�IURP�-DPLH�0F,QW\UH��$YDQWL�&RUS��WR�-RVHSK�'DO\��8�6��(3$�($'�
�UHJDUGLQJ�DGGHQGXP�VXPPDU\�VWDWLVWLFV�IRU�6%)�UHWHQWLRQ�GDWD�

$EVWUDFW��'DWD�IURP�WKH�$3,�5HWHQWLRQ�2Q�&XWWLQJV�:RUNLQJ�*URXS�RQ�UHWHQWLRQ�RI�V\QWKHWLF�EDVH�PXG�FRPSRQHQWV
RQ�FXWWLQJV�LV�SUHVHQWHG�LQ�WDEXODU�DQG�JUDSKLF�IRUPDWV��(IIHFWV�RI�GULOOLQJ�GHSWK�RQ�6%0�UHWHQWLRQ�RQ�FXWWLQJV�ZDV
HYDOXDWHG��7KHUH�LV�DQ�LQFRQVLVWHQW�UHODWLRQVKLS�EHWZHHQ�GULOOLQJ�GHSWK�DQG�UHWHQWLRQ�RI�6%0�RQ�FXWWLQJV�

0F.HH��-�'�$���.��'RZULFN�DQG�6�-��$VWOHIRUG��������$�QHZ�GHYHORSPHQW�WRZDUGV�LPSURYHG�V\QWKHWLF�EDVHG
PXG�SHUIRUPDQFH��63(�,$'&��������3DJHV���������,Q�������63(�,$'&�'ULOOLQJ�&RQIHUHQFH�
$PVWHUGDP�����)HEUXDU\���0DUFK�������63(�,$'&�'ULOOLQJ�&RQIHUHQFH��6RFLHW\�RI�3HWUROHXP
(QJLQHHUV��5LFKDUGVRQ��7;�

$EVWUDFW��7KLV�SDSHU�GHVFULEHV�D�QHZ�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLG��6%0��ZKLFK�LV�DEOH�WR�HPXODWH�RLO�EDVHG�PXG
SHUIRUPDQFH�ZKLOH�FRPSO\LQJ�ZLWK�HQYLURQPHQWDO�OHJLVODWLRQ��&RPSDULVRQV�ZLWK�RLO�EDVHG�PXG�LQ�WKH�ODERUDWRU\
VKRZ�WKDW�WKH�V\VWHP�FDQ�SURYLGH�VLPLODU�SHUIRUPDQFH�DW�ORZ�V\QWKHWLF�ZDWHU�UDWLR��KLJK�PXG�ZHLJKW��KLJK
WHPSHUDWXUH�DQG�LQ�WKH�SUHVHQFH�RI�FRQWDPLQDQWV��7KH�ODERUDWRU\�UHVXOWV�DUH�VXSSRUWHG�E\�ILHOG�GDWD�ZKLFK
GHPRQVWUDWH�WKDW�WKH�V\VWHP�FDQ�EH�PDQDJHG�OLNH�PLQHUDO�RLO�EDVHG�PXG��JLYLQJ�JRRG�UDWHV�RI�SHQHWUDWLRQ�ZLWK
PLQLPXP�PXG�PDLQWHQDQFH�DQG�ORZ�UHWHQWLRQ�RI�WKH�V\QWKHWLF�EDVH�IOXLG�RQ�FXWWLQJV�GLVFKDUJHG�WR�WKH�VHD�

0DULQH�WR[LFLW\��ELRDFFXPXODWLRQ�DQG�ELRGHJUDGDWLRQ�GDWD�KDV�EHHQ�FRPSLOHG�IRU�WKH�6%0�DQG�WKH�V\QWKHWLF�EDVH
IOXLG��$FXWH�WR[LFLW\�WR�SK\WRSODQNWRQ�DQG�]RRSODQNWRQ�ZDV�JUHDWHU�WKDQ��������PJ�/��7KH�VXVSHQGHG�SDUWLFXODWH
SKDVH�RI�WKH�6%0�KDG�D�WR[LFLW\�WR�P\VLGV�RI���������PJ�/��$�VROLG�SKDVH�WHVW�ZLWK�WKH�DPSKLSRG�&RURSKLXP
YROXWDWRU�JDYH�DQ�DFXWH�WR[LFLW\�RI�������PJ�NJ��7KH�EDVH�IOXLG�KDV�D�KLJK�ORJ�.RZ�DQG�GRHV�QRW�ELRDFFXPXODWH��,W
GHJUDGHV�UDSLGO\�XQGHU�ERWK�DHURELF�DQG�DQDHURELF�FRQGLWLRQV��%DVHG�RQ�WKHVH�UHVXOWV��WKH�V\VWHP�KDV�EHHQ
DFFHSWHG�IRU�XVH�LQ�8.�DQG�1RUZHJLDQ�ZDWHUV��VXEMHFW�WR�VHD�EHG�VXUYH\V�IROORZLQJ�LWV�XVH�LQ�WULDO�ZHOOV��,Q�WKH�8.�
WKH�V\VWHP�KDV�EHHQ�SODFHG�LQ�SURYLVLRQDO�*URXS�(�RI�WKH�UHYLVHG�2IIVKRUH�&KHPLFDO�1RWLILFDWLRQ�6FKHPH��2&16�
SURGXFW�FDWHJRUL]DWLRQ��)RU�RSHUDWLRQV�LQ�WKH�8QLWHG�6WDWHV��WKH�P\VLG�VKULPS����KRXU�/&���WR[LFLW\�WHVW�UHVXOW
VLJQLILFDQWO\�H[FHHGV�WKH�OLPLW�UHTXLUHG�IRU�XVH�LQ�WKH�:HVWHUQ�*XOI�RI�0H[LFR�RXWHU�FRQWLQHQWDO�VKHOI�

0HLQKROG��$�)��������)UDPHZRUN�IRU�D�FRPSDUDWLYH�HQYLURQPHQWDO�DVVHVVPHQW�RI�GULOOLQJ�IOXLGV�XVHG�RIIVKRUH�
�63(��������3DJHV���������,Q�������63(�(3$�([SORUDWLRQ�DQG�3URGXFWLRQ�(QYLURQPHQWDO
&RQIHUHQFH��6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��,Q�5HVSRQVH�WR�HIIOXHQW�OLPLWDWLRQ�JXLGHOLQHV�SURPXOJDWHG�E\�WKH�8QLWHG�6WDWHV�(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��LQGXVWU\�KDV�GHYHORSHG�DOWHUQDWLYHV�WR�WKH�ZDWHU�DQG�RLO�EDVHG�GULOOLQJ�PXGV�XVHG�RIIVKRUH��7KHVH�V\QWKHWLF�
EDVHG�PXGV���6%0V���HQKDQFHG�PLQHUDO�RLOV��(02V��DQG�SXULILHG�SDUDIILQ�RLOV�KDYH�ORZHU�WR[LFLW\�DQG�OHVVHU
HQYLURQPHQWDO�LPSDFWV�WKDQ�GLHVHO�DQG�FRQYHQWLRQDO�PLQHUDO�RLO�EDVHG�PXGV��2%0V���(3$�LV�GHYHORSLQJ�QHZ
JXLGHOLQHV�IRU�WKH�GLVFKDUJH�RI�WKHVH�IOXLGV�DQG�DVVRFLDWHG�FXWWLQJV��7KH�GHFLVLRQ�DERXW�DOORZLQJ�RU�GLVDOORZLQJ�WKH
GLVFKDUJH�RI�FXWWLQJV�ZLWK�VPDOO�DPRXQWV�RI�DVVRFLDWHG�6%0V��(02V�DQG�SXULILHG�SDUDIILQ�RLOV�VKRXOG�QRW�EH�EDVHG
VROHO\�RQ�SRWHQWLDO�HQYLURQPHQWDO�LPSDFWV��HVSHFLDOO\�WKRVH�VXFK�DV�ELRDFFXPXODWLRQ�RU�ELRGHJUDGDWLRQ�WKDW�PD\�QRW
EH�GLUHFWO\�FRQQHFWHG�WR�HIIHFWV�RQ�SRSXODWLRQV�RU�HFRV\VWHPV��5HJXODWRU\�GHFLVLRQV�DERXW�GULOOLQJ�IOXLG�GLVFKDUJHV
VKRXOG�FRQVLGHU�SRWHQWLDO�LPSDFWV�DVVRFLDWHG�ZLWK�WKH�DOWHUQDWLYHV��LQFOXGLQJ�RFFXSDWLRQDO�DFFLGHQWV�DQG�FKHPLFDO
H[SRVXUHV��LPSDFWV�DVVRFLDWHG�ZLWK�GLVSRVDO��DLU�HPLVVLRQV��DQG�WUDQVSRUWDWLRQ�ULVNV��%HFDXVH�WKHVH�QHZ�IOXLGV�DUH
H[SHQVLYH��LQGXVWU\�ZLOO�QRW�FRQWLQXH�WR�XVH�WKHP�LI�WKH�FXWWLQJV�FDQQRW�EH�GLVFKDUJHG�RIIVKRUH��7KH�DOWHUQDWLYH�WR
DOORZLQJ�WKH�GLVFKDUJH�RI�WKHVH�QHZ�GULOOLQJ�IOXLGV�LV�WKH�FRQWLQXLQJ�XVH�RI�2%0V�LQ�GLIILFXOW�GULOOLQJ�VLWXDWLRQV��7KLV
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SDSHU�GHYHORSV�D�IUDPHZRUN�DQG�D�FRPSDUDWLYH�HQYLURQPHQWDO�DVVHVVPHQW�IRU�WKH�GLVFKDUJH�RI�GULOOLQJ�IOXLGV��WR
KHOS�VXSSRUW�D�ULVN�EDVHG��LQWHJUDWHG�DSSURDFK�WR�UHJXODWRU\�GHFLVLRQ�PDNLQJ�

0HLQKROG��$�)��������)UDPHZRUN�IRU�D�FRPSDUDWLYH�HQYLURQPHQWDO�DVVHVVPHQW�RI�GULOOLQJ�IOXLGV��3UHSDUHG�IRU�
1DWLRQDO�3HWUROHXP�7HFKQRORJ\�2IILFH��2IILFH�RI�)RVVLO�(QHUJ\��8�6��'HSDUWPHQW�RI�(QHUJ\��7XOVD��2.�
&RQWUDFW�QXPEHU�'(�$&�����&+�������(QHUJ\�6FLHQFH�DQG�7HFKQRORJ\�'LYLVLRQ��'HSDUWPHQW�RI
$SSOLHG�6FLHQFH��%URRNKDYHQ�1DWLRQDO�/DERUDWRU\��8SWRQ��1<�����SS�

$EVWUDFW��7KLV�UHSRUW�GHYHORSV�D�IUDPHZRUN�IRU�D�FRPSDUDWLYH�ULVN�DVVHVVPHQW�IRU�WKH�GLVFKDUJH�RI�6%0V�DQG
(02V��WR�KHOS�VXSSRUW�D�ULVN�EDVHG��LQWHJUDWHG�DSSURDFK�WR�UHJXODWRU\�GHFLVLRQ�PDNLQJ��7KH�IUDPHZRUN�ZLOO�KHOS
LGHQWLI\�SRWHQWLDO�LPSDFWV�DQG�EHQHILWV�DVVRFLDWHG�ZLWK�WKH�XVH�RI�6%0V��(02V��:%0V�DQG�2%0V��LGHQWLI\�DUHDV
ZKHUH�DGGLWLRQDO�GDWD�DUH�QHHGHG��DQG�VXSSRUW�HDUO\�GHFLVLRQ�PDNLQJ�LQ�WKH�DEVHQFH�RI�FRPSOHWH�GDWD��$V�DGGLWLRQDO
GDWD�EHFRPH�DYDLODEOH��WKH�IUDPHZRUN�FDQ�VXSSRUW�D�IXOO�TXDQWLWDWLYH�FRPSDUDWLYH�DVVHVVPHQW��'HWDLOHG�GDWD�DUH
SURYLGHG�WR�VXSSRUW�D�FRPSDUDWLYH�DVVHVVPHQW�LQ�WKH�DUHDV�RI�RFFXSDWLRQDO�DQG�SXEOLF�KHDOWK�LPSDFWV�

0RIIDW��&�)���3�'��0XQUR��DQG�5�0��6WDJJ��������'HYHORSPHQW�RI�D�VROLG�SKDVH�WHVW�IRU�WKH�FRPSDULVRQ�RI�WKH
ELRGHJUDGDWLRQ�UDWHV�RI�V\QWKHWLF�PXG�EDVH�IOXLGV��3DJHV�������,Q��,QWHUQDWLRQDO�:RUNVKRS�RQ�'ULOOLQJ
)OXLGV�(FRWR[LFRORJ\�DQG�%LRGHJUDGDWLRQ��:HVWHUQ�$XVWUDOLD������2FWREHU������

$EVWUDFW��$�VROLG�SKDVH�WHVW��ZDV�GHYHORSHG�WR�DVVHVV�WKH�IDWH�LQ�PDULQH�VHGLPHQW�RI�V\QWKHWLF�PXG�EDVH�IOXLGV��60V�
XVHG�LQ�WKH�RII�VKRUH�GULOOLQJ�LQGXVWU\��7KH�WHVW�FRPSULVHG�D�VHULHV�RI�JODVV�MDUV�FRQWDLQLQJ�PDULQH�VHGLPHQW�WKDW�KDG
EHHQ�KRPRJHQHRXVO\�PL[HG�ZLWK�D�WHVW�IOXLG��7KH�MDUV�ZHUH�SODFHG�LQ�HLWKHU�ILEHUJODVV�WURXJKV�VXSSOLHG�ZLWK�D
FRQWLQXRXV�IORZ�RI�VHDZDWHU�RU�JODVV�DTXDULXP�WDQN�ZLWK�D�UHVWULFWHG�DQG�RU�UHFLUFXODWHG�VHDZDWHU�VXSSO\��7KH�WHVW
ZDV�FRQGXFWHG�DW�ZDWHU�WHPSHUDWXUHV�YDU\LQJ�EHWZHHQ����&�DQG����&��3HULRGLFDOO\��WULSOLFDWH�RU�GXSOLFDWH�MDUV�ZHUH
VDFULILFHG�DQG��IROORZLQJ�VROYHQW�H[WUDFWLRQ��WKH�FRQFHQWUDWLRQ�RI�WKH�WHVW�IOXLG�UHPDLQLQJ�LQ�WKH�VHGLPHQW�ZDV
GHWHUPLQHG�E\�JDV�FKURPDWRJUDSK\�ZLWK�IODPH�LRQL]DWLRQ�GHWHFWLRQ��7HVW�IOXLGV�LQFOXGHG�D�UDQJH�RI�60V��D�PLQHUDO
RLO��XVHG�DV�DQ�H[DPSOH�RI�D�UHFDOFLWUDQW�PL[WXUH��DQG�ROLYH�RLO��D�UHDGLO\�ELRGHJUDGHG�PDWHULDO��$GGLWLRQDO�FRQWUROV
LQFOXGHG�SRLVRQHG�VDPSOHV��WR�DOORZ�DQ�HVWLPDWLRQ�RI�DELRWLF�ORVVHV��DQG�VHGLPHQWV�ZLWKRXW�DQ\�WHVW�IOXLG�DGGHG�VR�DV
WR�SURYLGH�EDFNJURXQG�GDWD��'HWHUPLQDWLRQ�RI�WKH�UHGR[�SRWHQWLDO�DW���PP�LQWHUYDOV�SURYLGHG�D�GHSWK�SURILOH�IRU
LQGLYLGXDO�MDUV�ZKLOH�PLFURELRORJLFDO�DFWLYLW\�ZDV�HVWLPDWHG�E\�HQXPHUDWLRQ�RI�FXOWXUDEOH�DHURELF�DQG�DQDHURELF
EDFWHULD�ERWK�LQ�VXUIDFH�DQG�VXE�VXUIDFH�VHGLPHQW�VDPSOHV��)XUWKHUPRUH��GHWHUPLQDWLRQ�RI�WKH�DELOLW\�RI�EDFWHULD�WR
JURZ�RQ�HDFK�WHVW�IOXLG�DV�WKH�VROH�FDUERQ�VRXUFH�ZDV�DVVHVVHG�XVLQJ�WKH�6KHHQ�VFUHHQ��9DULDWLRQV�LQ�VHGLPHQW�W\SH�
WHPSHUDWXUH�DQG�WKH�VDOLQLW\�RI�WKH�ZDWHU�ZHUH�LQYHVWLJDWHG�

7KH�UHVXOWV�WR�GDWH�VKRZ�WKDW�WKH�VROLG�SKDVH�WHVW�LV�DEOH�WR�UHSURGXFLEO\�GLVWLQJXLVK�EHWZHHQ�HDVLO\�GHJUDGDEOH�DQG
SRRUO\�GHJUDGDEOH�IOXLGV�XQGHU�D�UDQJH�RI�FRQGLWLRQV��7KH�WHVW�LV�FRQYHQLHQW�WR�VHW�XS�DQG�KDV�EHHQ�UXQ�FRQWLQXRXVO\
IRU�XS�WR�����GD\V��7HPSHUDWXUH�UHJXODWLRQ�LV�UHDGLO\�DFKLHYHG�LQ�WKH�DTXDULXP�WDQNV�SHUPLWWLQJ�PRUH�GHWDLOHG
LQYHVWLJDWLRQV�RI�WKH�LQIOXHQFH�RI�WHPSHUDWXUH�RQ�WKH�GHJUDGDWLRQ�RI�60V��7KH�WHVW��KRZHYHU��SHUIRUPV�HTXDOO\�ZHOO
XVLQJ�DPELHQW�VHDZDWHU�ZKHUH�WKHUH�LV�D�WHPSHUDWXUH�YDULDWLRQ�ERWK�RYHU�D����KRXU�SHULRG�DQG�RYHU�WKH�GXUDWLRQ�RI
D�ORQJ�WHUP�H[SHULPHQW��(VWLPDWHG�KDOI�OLYHV�IRU�GHJUDGDWLRQ�RI�HVWHUV�DQG�LQWHUQDO�ROHILQV��WHVWHG�E\�WKHVH�PHWKRGV
ZHUH�����WR�����GD\V��ZLWK�HVWHUV�PRUH�ELRGHJUDGDEOH�WKDQ�LQWHUQDO�ROHILQV��3RLVRQHG�HVWHU�DQG�LQWHUQDO�ROHILQ
V\VWHPV�KDG�KDOI�OLYHV�RI������DQG������GD\V��UHVSHFWLYHO\��LQGLFDWLQJ�WKH�LPSRUWDQFH�RI�VHGLPHQW�PLFURELRWD�LQ
GHJUDGLQJ�6%0V�

0XQUR��3�'���1�$��%URZQ��%��5RGGLH��DQG�&�)��0RIIDW��������'HJUDGDWLRQ�RI�DQ�HVWHU�W\SH�V\QWKHWLF�PXG�EDVH
IOXLG�LQ�D�VROLG�SKDVH�WHVW�V\VWHP��HIIHFW�RI�FRQFHQWUDWLRQ�DQG�WHPSHUDWXUH��0DULQH�/DERUDWRU\�
$EHUGHHQ�5HSRUW�1R���������)LVKHULHV�5HVHDUFK�6HUYLFHV��0DULQH�/DERUDWRU\��$EHUGHHQ��6FRWODQG����
SDJHV�SOXV�FKDUWV�

$EVWUDFW��$�VROLG�SKDVH�WHVW�ZDV�XVHG�WR�FRPSDUH�WKH�GHJUDGDWLRQ�RI�DQ�HVWHU�W\SH�V\QWKHWLF�PXG�EDVH�IOXLG�DW�D
UDQJH�RI�FRQFHQWUDWLRQV�DQG�WHPSHUDWXUHV��9LVXDO�FKDQJHV�LQ�WKH�VHGLPHQW��D�GDUNHQLQJ�EHORZ�WKH�VXUIDFH�OD\HU�DQG�
LQ�WKH�FDVH�RI�WKH�KLJKHU�FRQFHQWUDWLRQV�RI�WHVW�FRPSRXQG��WKH�IRUPDWLRQ�RI�D�ZKLWH�PLFURELDO�PDW�RQ�WKH�VXUIDFH�
ZHUH�DFFRPSDQLHG�E\�FKDQJHV�LQ�WKH�UHGR[�SRWHQWLDO�DQG�QXPEHU�RI�EDFWHULD�LQ�WKH�VHGLPHQW��7KH�UDWH�RI�EDFWHULDO
JURZWK�LQFUHDVHG�ZLWK�WHPSHUDWXUH��WKRXJK�VLPLODU�PD[LPXP�QXPEHUV�ZHUH�REWDLQHG�DIWHU�VHYHQ�GD\V�DW���R&�DQG�DW
WZR�GD\V�DW����R&���7KH�KDOI�OLIH�RI�ROLYH�RLO�DW�DQ�LQLWLDO�FRQFHQWUDWLRQ�RI��������SSP�ZDV����GD\V��(VWHU�GHJUDGHG
PRUH�VORZO\��%DVHG�RQ�ILUVW�RUGHU�UHDFWLRQ�NLQHWLFV��ZKLFK�PD\�JURVVO\�XQGHUHVWLPDWH�WKH�UDWH��WKH�KDOI�OLIH�RI�WKH
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HVWHU�ZDV�����DQG�����GD\V�DW�LQLWLDO�FRQFHQWUDWLRQV�RI��������DQG��������SSP��UHVSHFWLYHO\��7KHUH�ZDV�QR�ORVV�RI
HVWHU�LQ�SRLVRQHG�WUHDWPHQWV��(VWHU�GHJUDGDWLRQ�ZDV�WHPSHUDWXUH�VHQVLWLYH��$W�DQ�LQLWLDO�FRQFHQWUDWLRQ�RI�����SSP�
WKH�KDOI�OLIH�ZDV����GD\V�DW���R&�DQG����GD\V�DW���R&��6LPLODU�WHPSHUDWXUH�HIIHFWV�ZHUH�REVHUYHG�DW�KLJKHU�HVWHU
FRQFHQWUDWLRQV�

0XQUR��3�'���%��&URFH��&�)��0RIIDW��1�$��%URZQ��$�'��0F,QWRVK��6�-��+LUG��DQG�5�0��6WDJJ��������6ROLG�
SKDVH�WHVW�IRU�FRPSDULVRQ�RI�GHJUDGDWLRQ�UDWHV�RI�V\QWKHWLF�PXG�EDVH�IOXLGV�XVHG�LQ�WKH�RII�VKRUH
GULOOLQJ�LQGXVWU\��(QYLURQPHQWDO�7R[LFRORJ\�DQG�&KHPLVWU\�������������������

$EVWUDFW��$�VROLG�SKDVH�GHJUDGDWLRQ�WHVW�KDV�EHHQ�GHYHORSHG�WR�DVVHVV�WKH�IDWH�LQ�PDULQH�VHGLPHQW�RI�V\QWKHWLF�PXG
EDVH�IOXLGV�XVHG�LQ�WKH�RII�VKRUH�GULOOLQJ�LQGXVWU\��7KH�GHJUDGDWLRQ�UDWH�RI�DQ�HVWHU�W\SH�GULOOLQJ�IOXLG�ZDV
LQYHVWLJDWHG�DW�WKUHH�QRPLQDO�FRQFHQWUDWLRQV�LQ�D�ILQH�VDQG��$�QDWXUDOO\�RFFXUULQJ�WULHVWHU��ROLYH�RLO��ZDV�XVHG�DV�D
SRVLWLYH�FRQWURO�DQG�D�WUDGLWLRQDO�PLQHUDO�RLO�VHUYHG�DV�DQ�H[DPSOH�RI�D�SRRUO\�GHJUDGDEOH�VXEVWDQFH��7ZR�V\QWKHWLF
GULOOLQJ�IOXLGV��DQ�HVWHU�DQG�D�EOHQG�RI�Q�DONDQHV�ZLWK�SRO\DOSKD�ROHILQ�DQG�OLQHDU�DOSKD�ROHILQ��ZHUH�FRPSDUHG�LQ�D
PXG�DQG�D�FRDUVH�VDQG�WR�H[DPLQH�WKH�HIIHFW�RI�GLIIHUHQW�VHGLPHQWV�RQ�GHJUDGDELOLW\��*ODVV�MDUV��FRQWDLQLQJ�PDULQH
VHGLPHQW�WKDW�KDG�EHHQ�KRPRJHQHRXVO\�PL[HG�ZLWK�WHVW�IOXLG��ZHUH�SODFHG�LQ�WURXJKV�LQ�D�FRQWLQXRXV�IORZ�RI
VHDZDWHU��3HULRGLFDOO\��WULSOLFDWH�MDUV�ZHUH�VDFULILFHG�DQG��IROORZLQJ�VROYHQW�H[WUDFWLRQ��WKH�FRQFHQWUDWLRQ�RI�WHVW
IOXLG�UHPDLQLQJ�LQ�WKH�VHGLPHQW�ZDV�GHWHUPLQHG�E\�JDV�FKURPDWRJUDSK\�ZLWK�IODPH�LRQL]DWLRQ�GHWHFWLRQ��7KH�WHVW
ZDV�DEOH�WR�UHSURGXFLEO\�GLVWLQJXLVK�EHWZHHQ�HDVLO\�GHJUDGDEOH�DQG�SRRUO\�GHJUDGDEOH�IOXLGV��7KH�UDWH�RI
GHJUDGDWLRQ�ZDV�FRQFHQWUDWLRQ�GHSHQGHQW��WKH�KDOI�OLIH�RI�WKH�HVWHU�LQFUHDVHG�IURP����GD\V�WR�����GD\V�DV�WKH
QRPLQDO�FRQFHQWUDWLRQ�LQFUHDVHG�IURP�����PJ�NJ�WR�������PJ�NJ��7KH�HVWHU�ZDV�PRUH�UDSLGO\�GHJUDGHG�WKDQ�WKH
EOHQGHG�V\QWKHWLF�GULOOLQJ�IOXLG�DQG�GHJUDGDWLRQ�ZDV�VORZHU�LQ�VDQG�FRPSDUHG�ZLWK�PXG�

0XQUR��3�'���&�)��0RIIDW��/��&RXSHU��1�$��%URZQ��%��&URFH��DQG�5�0��6WDJJ��������'HJUDGDWLRQ�RI�V\QWKHWLF
PXG�EDVH�IOXLGV�LQ�D�VROLG�SKDVH�WHVW�V\VWHP��)LVKHULHV�5HVHDUFK�6HUYLFHV�5HSRUW�1R�������6FRWWLVK
2IILFH�$JULFXOWXUH��(QYLURQPHQW�DQG�)LVKHULHV�'HSDUWPHQW��0DULQH�/DERUDWRU\��$EHUGHHQ��6FRWODQG�
��SS�

$EVWUDFW��$�VROLG�SKDVH�WHVW�ZDV�XVHG�WR�FRPSDUH�WKH�GHJUDGDWLRQ�UDWHV�RI�V\QWKHWLF�PXG�EDVH�IOXLGV�XVHG�LQ�WKH
RIIVKRUH�GULOOLQJ�LQGXVWU\��6L[�EDVH�IOXLGV�ZHUH�HYDOXDWHG��D�SRO\DOSKD�ROHILQ��D�OLQHDU�DOSKD�ROHILQ��DQ�LQWHUQDO
ROHILQ��DQ�Q�SDUDIILQ��DQ�DFHWDO��DQG�DQ�HVWHU��$QDHURELF�UHGXFLQJ�FRQGLWLRQV�GHYHORSHG�LQ�DOO�VHGLPHQWV��H[FHSW
WKRVH�SRLVRQHG�ZLWK�ELRFLGH��ZLWKLQ���GD\V��7KH�QXPEHU�RI�EDFWHULD�FDSDEOH�RI�JURZWK�RQ�WKH�ROLYH�RLO�FRQWURO�RU
HVWHU�DV�VROH�FDUERQ�VRXUFH�ZDV�����IROG�JUHDWHU�WKDQ�WKH�QXPEHU�FDSDEOH�RI�JURZWK�RQ�DQ\�RI�WKH�RWKHU�EDVH�IOXLGV�
/RVVHV�RI�HVWHU�ZHUH�JUHDWHU�WKDQ�WKRVH�RI�DQ\�RWKHU�EDVH�IOXLG��7KH�OLQHDU�DOSKD�ROHILQ�ZDV�FRQVLVWHQWO\�WKH�VHFRQG
PRVW�GHJUDGDEOH�DW�DOO�FRQFHQWUDWLRQV�WHVWHG��$W�D�QRPLQDO�FRQFHQWUDWLRQ�RI�����SSP��KLJKO\�VLJQLILFDQW�ORVVHV�RI�WKH
HVWHU��/$2��,2��DQG�Q�SDUDIILQ�ZHUH�REVHUYHG��7KH�VWXG\�VKRZHG�WKDW�PDQ\�RI�WKH�V\QWKHWLF�EDVH�IOXLGV�FXUUHQWO\
XVHG�LQ�GULOOLQJ�RSHUDWLRQV�LQ�WKH�1RUWK�6HD�DUH�QR�PRUH�GHJUDGDEOH�WKDQ�D�WUDGLWLRQDO��ORZ�WR[LFLW\�PLQHUDO�RLO�

0XQUR��3�'���&�)��0RIIDW��DQG�5�0��6WDJJ��������%LRGHJUDGDWLRQ�RI�EDVH�IOXLGV�XVHG�LQ�V\QWKHWLF�GULOOLQJ�PXGV
�LQ�D�VROLG�SKDVH�WHVW�V\VWHP��63(��������3DJHV�����,Q�������63(�8.22$�(XURSHDQ�(QYLURQPHQWDO
&RQIHUHQFH��$EHUGHHQ��6FRWODQG��������$SULO�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ�
7;�

$EVWUDFW��$�VROLG�SKDVH�ELRGHJUDGDWLRQ�WHVW�GHVLJQHG�WR�DVVHVV�WKH�IDWH�LQ�PDULQH�VHGLPHQW�RI�EDVH�IOXLGV�XVHG�LQ
V\QWKHWLF�GULOOLQJ�PXGV�LQ�WKH�RIIVKRUH�GULOOLQJ�LQGXVWU\�ZDV�HYDOXDWHG��7KH�WHVW�ZDV�LQWHQGHG�WR�SURYLGH�FRQGLWLRQV
IRU�GHJUDGDWLRQ�ZKLFK�PRUH�FORVHO\�SDUDOOHO�WKRVH�HQFRXQWHUHG�LQ�WKH�PDULQH�VHGLPHQWDU\�HQYLURQPHQW��ZLWK�UHVSHFW
WR�WHPSHUDWXUH��PLFURELDO�IORUD��DQDHURELF�FKDUDFWHULVWLFV�DQG�RWKHU�SK\VLFR�FKHPLFDO�FRQGLWLRQV��WKDQ�H[LVWLQJ
ELRGHJUDGDWLRQ�WHVWV�

7KH�EDVLF�H[SHULPHQWDO�GHVLJQ�FRQVLVWHG�RI�VHWV�RI�JODVV�MDUV�ILOOHG�ZLWK�PDULQH�VHGLPHQW�ZKLFK�KDG�EHHQ
KRPRJHQHRXVO\�PL[HG�ZLWK�V\QWKHWLF�PXG�EDVH�IOXLG��7KH�MDUV�ZHUH�PDLQWDLQHG�LQ�ILEHU�JODVV�WURXJKV�WKURXJK�ZKLFK
D�FRQWLQXRXV�ODPLQDU�IORZ�RI�VHDZDWHU�ZDV�SDVVHG��$W�VHW�WLPHV��WULSOLFDWH�MDUV�ZHUH�UHPRYHG��WKH�HQWLUH�FRQWHQWV�RI
HDFK�MDU�PL[HG�WKRURXJKO\�DQG��IROORZLQJ�VROYHQW�H[WUDFWLRQ��WKH�FRQFHQWUDWLRQ�RI�EDVH�IOXLG�UHPDLQLQJ�LQ�WKH
VHGLPHQW�ZDV�GHWHUPLQHG�E\�JDV�FKURPDWRJUDSK\�ZLWK�IODPH�LRQL]DWLRQ�GHWHFWLRQ�
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7KH�ELRGHJUDGDWLRQ�UDWHV�RI�WZR�V\QWKHWLF�PXG�EDVH�IOXLGV��DQ�HVWHU�DQG�D�EOHQG�RI�Q�DONDQHV��SRO\�DOSKD�ROHILQ�DQG
OLQHDU�DOSKD�ROHILQ��ZHUH�FRPSDUHG��$�QDWXUDOO\�RFFXUULQJ�WULHVWHU��ROLYH�RLO��ZDV�XVHG�DV�D�SRVLWLYH�ELRGHJUDGDEOH
FRQWURO��$�PXG��D�VDQG�DQG�D������ZW�ZW��PL[WXUH�RI�PXG�DQG�VDQG�ZHUH�XVHG�WR�H[DPLQH�WKH�HIIHFW�RI�SDUWLFOH�VL]H�RQ
ELRGHJUDGDELOLW\�

7KH�WHVW�ZDV�DEOH�WR�UHSURGXFLEO\�GLVWLQJXLVK�EHWZHHQ�HDVLO\�ELRGHJUDGDEOH�DQG�SRRUO\�ELRGHJUDGDEOH�V\QWKHWLF�PXG
EDVH�IOXLGV��,Q�WKLV�V\VWHP��ELRGHJUDGDWLRQ�UDWHV�IRU�WKH�HVWHU�ZHUH�IDVWHU�WKDQ�IRU�WKH�EOHQGHG�IOXLG��7KH�UDSLG
PHWDEROLVP�RI�WKH�HVWHU�UHVXOWHG�LQ�D�GHSOHWLRQ�RI�R[\JHQ��D�GURS�LQ�WKH�R[LGDWLRQ�UHGXFWLRQ�SRWHQWLDO�DQG�WKH
RFFXUUHQFH�RI�VXOSKLGH�HYHQWV�LQ�WKH�VHGLPHQWV��%LRGHJUDGDWLRQ�RI�WKH�HVWHU�ZDV�VLJQLILFDQWO\�VORZHU�LQ�VDQG
FRPSDUHG�WR�PXG��ZKLOH�QR�PHDVXUDEOH�ELRGHJUDGDWLRQ�RI�WKH�EOHQGHG�IOXLG�WRRN�SODFH�LQ�WKH�VDQG��7KH�UHVXOWV
LQGLFDWH�WKDW�VRPH�V\QWKHWLF�GULOOLQJ�IOXLGV�PD\�EH�SRRUO\�GHJUDGHG��7KH�LPSOLFDWLRQV�IRU�WKH�SHUFHLYHG
HQYLURQPHQWDO�IULHQGOLQHVV�RI�WKHVH�IOXLGV�DUH�GLVFXVVHG�

0XQUR��3�'���/��:HEVWHU��1�$��%URZQ��&�)��0RIIDW��DQG�5�0��6WDJJ��������,QYHVWLJDWLRQ�LQWR�WKH�GHJUDGDWLRQ
RI�V\QWKHWLF�GULOOLQJ�IOXLGV�LQ�D�VROLG�SKDVH�WHVW�XVLQJ�D�FORVHG��EUDFNLVK�ZDWHU�V\VWHP��)LVKHULHV
5HVHDUFK�6HUYLFHV�5HSRUW�1R�������)LVKHULHV�5HVHDUFK�6HUYLFHV��$EHUGHHQ�����SDJHV�SOXV�ILJXUHV�

$EVWUDFW��$�PRGLILHG�YHUVLRQ�RI�WKH�VROLG�SKDVH�WHVW�IRU�HVWLPDWLRQ�RI�WKH�GHJUDGDWLRQ�UDWH�RI�V\QWKHWLF�GULOOLQJ�IOXLGV
ZDV�XVHG�WR�H[DPLQH�WKH�GHJUDGDWLRQ�RI�DQ�HVWHU�DQG�DQ�LQWHUQDO�ROHILQ�XQGHU�FRQGLWLRQV�VLPLODU�WR�WKRVH
HQFRXQWHUHG�LQ�1LJHULD��7KH�VHGLPHQW�ZDV�D�FRDUVH�VLOW�IURP�DQ�HVWXDULQH�HQYLURQPHQW��7KH�VHD�ZDWHU�LQ�WKH�WDQNV
ZDV�GLOXWHG�ZLWK�IUHVK�ZDWHU�WR�VLPXODWH�EUDFNLVK�FRQGLWLRQV�DQG�WKH�WHPSHUDWXUH�ZDV�PDLQWDLQHG�DW���R&��$�FORVHG�
UHFLUFXODWLQJ�ZDWHU�V\VWHP�ZDV�XVHG��2OLYH�RLO�ZDV�XVHG�DV�D�SRVLWLYH�ELRGHJUDGDEOH�FRQWURO��6RPH�VHGLPHQW�ZDV
SRLVRQHG�ZLWK�D�EURDG�VSHFWUXP�ELRFLGH�LQ�RUGHU�WR�GHWHUPLQH�DELRWLF�ORVVHV�RI�WHVW�IOXLG�DQG�FOHDQ�VHGLPHQW�ZDV
LQFOXGHG�DV�D�EDFNJURXQG�FRQWURO��'HJUDGDWLRQ�RI�WKH�HVWHU�ZDV�FRPSDUHG�DW���R&�DQG���R&��)XUWKHUPRUH��VDPSOHV
RI�WDQN�ZDWHU�ZHUH�DQDO\]HG�IRU�WKH�SUHVHQFH�RI�WKH�HVWHU�DQG�RQH�RI�LWV�SULPDU\�GHJUDGDWLRQ�SURGXFWV����HWK\O
KH[DQ���RO�

6LPLODU�KDOI�OLYHV������DQG�����GD\V��ZHUH�REWDLQHG�IRU�WKH�GHJUDGDWLRQ�RI�WKH�ROLYH�RLO�DQG�WKH�HVWHU��UHVSHFWLYHO\��DW
�� &�DQG�DQ�LQLWLDO�QRPLQDO�FRQFHQWUDWLRQ�RI�����PJ�NJ��7KH�KDOI�OLIH�RI�WKH�HVWHU�DW���R&�ZDV�VOLJKWO\�JUHDWHU�DW����
GD\V��7KH�PHDQ�KDOI�OLIH�RI�WKH�LQWHUQDO�ROHILQ�ZDV�����GD\V��VLPLODU�UHVXOWV�EHLQJ�REWDLQHG�IURP�GXSOLFDWH�WDQNV��7KLV
FRQILUPHG�WKDW�WKHUH�ZDV�QR�WDQN�HIIHFW�

/RVVHV�RI�HVWHU�IURP�WKH�SRLVRQHG�VHGLPHQW�DW���R&�ZHUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKRVH�IURP�WKH�XQSRLVRQHG
HVWHU�GRVHG�VHGLPHQW�DW���R&��$QDO\VLV�RI�WKH�WDQN�ZDWHU�UHYHDOHG�WKDW�ORVVHV�IURP�WKH�SRLVRQHG�VHGLPHQW�FRXOG�QRW
EH�DFFRXQWHG�IRU�E\�ZDVKRXW�RI�WKH�SDUHQW�FRPSRXQG��+RZHYHU��KLJKHU�FRQFHQWUDWLRQV�RI�RQH�RI�WKH�SULPDU\
GHJUDGDWLRQ�SURGXFWV�RI�WKH�HVWHU�ZHUH�GHWHFWHG�LQ�WKH�WDQN�ZDWHU�LQ�WKH�FDVH�RI�WKH�SRLVRQHG�VHGLPHQW�WKDQ�LQ�WKH
HTXLYDOHQW�XQSRLVRQHG�WUHDWPHQW��7KLV�VXJJHVWHG�WKDW�HLWKHU��WKHUH�ZDV�D�SRSXODWLRQ�RI�QRQ�FXOWXUDEOH��ELRFLGH�
UHVLVWDQW�EDFWHULD�ZKLFK�GHJUDGHG�WKH�HVWHU�RU��DELRWLF�K\GURO\VLV�RI�WKH�HVWHU�RFFXUUHG�

0XVFKHQKHLP��'�.��DQG�7�*��0LOOLJDQ��������)ORFFXODWLRQ�DQG�DFFXPXODWLRQ�RI�ILQH�GULOOLQJ�ZDVWH�SDUWLFXODWHV�RQ
WKH�6FRWLDQ�6KHOI��&DQDGD���0DULQH�3ROOXWLRQ�%XOOHWLQ�����������������

$EVWUDFW���&RQFHQWUDWLRQV�RI�VXVSHQGHG�SDUWLFOHV��IURP�GULOOLQJ�PXG�DQG�FXWWLQJV��ZHUH�PHDVXUHG�DW�GLIIHUHQW�GHSWKV
LQ�WKH�ZDWHU�FROXPQ��LQFOXGLQJ�MXVW�DERYH�WKH�ERWWRP�DW�VHYHUDO�GLVWDQFHV�IURP�D�GULOOLQJ�ULJ�RQ�6DEOH�%DQNV��1RYD
6FRWLD��:DWHU�EDVHG�DQG�RLO�EDVHG�PXGV�ZHUH�XVHG�DQG�ZDWHU�EDVHG�PXGV�DQG�ZDWHU��DQG�RLO�EDVHG�FXWWLQJV�ZHUH
GLVFKDUJHG��'XULQJ�DQG�VKRUWO\�DIWHU�GLVFKDUJHV��VXVSHQGHG�SDUWLFXODWH�FRQFHQWUDWLRQV�LQ�WKH�EHQWKLF�ERXQGDU\
OD\HU�ZHUH�HOHYDWHG�DERYH�EDFNJURXQG��GXH�WR�VXVSHQGHG�FOD\�VL]H�PXG�DQG�FXWWLQJV�SDUWLFOHV��7KH�WXUELGLW\
SHUVLVWHG�ORQJ�HQRXJK�WR�KDYH�SRVVLEOH�DGYHUVH�HIIHFWV�RQ�ORFDO�SRSXODWLRQV�RI�VFDOORSV�

1DWLRQDO�(QHUJ\�%RDUG��&DQDGD���1HZIRXQGODQG�2IIVKRUH�3HWUROHXP��DQG�&DQDGD���1RYD�6FRWLD�2IIVKRUH
3HWUROHXP�%RDUG��������2IIVKRUH�ZDVWH�WUHDWPHQW�JXLGHOLQHV��1DWLRQDO�(QHUJ\�%RDUG��&DQDGD��
1HZIRXQGODQG�2IIVKRUH�3HWUROHXP��&DQDGD���1RYD�6FRWLD�2IIVKRUH�3HWUROHXP�%RDUG��&DQDGD�����SS�

$EVWUDFW��,Q�RUGHU�WR�PLQLPL]H�WKH�TXDQWLW\�RI�RLO�GLVFKDUJHG�LQWR�WKH�PDULQH�HQYLURQPHQW��RSHUDWRUV�VKRXOG�XVH
ZDWHU�EDVHG�RU�V\QWKHWLF�EDVHG�PXGV�LI�SRVVLEOH��7KH�XVH�RI�RLO�EDVHG�PXGV�ZLOO�UHTXLUH�VSHFLILF�DSSURYDO��6\QWKHWLF�
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���

EDVHG�GULOOLQJ�PXGV�UHPDLQLQJ�IURP�D�GULOOLQJ�PXG�FKDQJH�RYHU�RU�GULOOLQJ�SURJUDP�FRPSOHWLRQ�VKRXOG�EH
UHFRYHUHG�DQG�UHF\FOHG��RU�WUDQVIHUUHG�WR�VKRUH�LQ�D�PDQQHU�DSSURYHG�E\�WKH�&KLHI�&RQVHUYDWLRQ�2IILFHU��,I�UH�
LQMHFWLRQ�LV�QRW�WHFKQLFDOO\�RU�HFRQRPLFDOO\�IHDVLEOH��GULOO�VROLGV�DVVRFLDWHG�ZLWK�ZDWHU�EDVHG�DQG�V\QWKHWLF�EDVHG
GULOOLQJ�PXVH�PD\�EH�GLVFKDUJHG�DW�WKH�GULOO�VLWH�ZLWKRXW�WUHDWPHQW�

1RUPDQ��0��������(VWHUV���WKH�RQO\�V\QWKHWLF�RSWLRQ�IRU�WKH�QH[W�PLOOHQQLXP"�3UHVHQWHG�DW�WKH��WK�,QWHUQDWLRQDO
>,%&@�&RQIHUHQFH�RI�0LQLPL]LQJ�WKH�(QYLURQPHQWDO�(IIHFWV�RI�'ULOOLQJ�2SHUDWLRQV��$EHUGHHQ��6FRWODQG�
���SS�

$EVWUDFW��3K\VLFDO�FKHPLFDO�SURSHUWLHV��WR[LFLW\�DQG�KHDOWK�HIIHFWV��DQG�ELRGHJUDGDWLRQ�RI�V\QWKHWLF�EDVHG�GULOOLQJ
PXGV�ZHUH�UHYLHZHG��7KH�IRFXV�ZDV�RQ�ELRGHJUDGDWLRQ��/DERUDWRU\�GDWD��VLPXODWHG�VHDEHG�VWXGLHV��DQG�DFWXDO
VHDEHG�VXUYH\V�VKRZ�D�UDSLG�ELRGHJUDGDWLRQ�RI�HVWHUV��6HDEHG�VXUYH\�UHVXOWV�IRU�ERWK�SRO\DOSKD�ROHILQ�DQG�$&(7$/
VKRZ�WKDW�D�FRQVLGHUDEOH�DPRXQW�KDYH�GLVDSSHDUHG�DIWHU���\HDUV��7KH�UDWH�RI�GLVDSSHDUDQFH�LV�VORZHU�WKDQ�IRU
HVWHUV��7KH�HIIHFW�RQ�WKH�PLFURIORUD�LV��KRZHYHU��PXFK�OHVV�GUDPDWLF��7KH�62$()'�WHVW�UHVXOWV�DUH�JHQHUDOO\�PRUH
FRQVHUYDWLYH�WKDQ�UHDO�OLIH��7KH�PHWKRG�QHHGV�IXUWKHU�RSWLPL]DWLRQ�LQ�RUGHU�WR�EH�D�GHFLVLRQ�PDNLQJ�WRRO�IRU
GLVFKDUJH�RI�V\QWKHWLF�GULOOLQJ�IOXLGV��([SHULPHQWDO�HUURUV�VKRXOG�EH�DYRLGHG�LQ�IXWXUH�H[SHULPHQWV�

1RUZD\��������6\QWKHWLF�GULOOLQJ�IOXLGV��3URSRVDO�IRU�D�GHILQLWLRQ�RI�V\QWKHWLF�GULOOLQJ�IOXLGV�DQG�H[SHULHQFHV�RQ
WKH�1RUZHJLDQ�&RQWLQHQWDO�6KHOI��6(%$��������(��3UHVHQWHG�E\�1RUZD\�DW�WKH�2VOR�DQG�3DULV
&RQYHQWLRQV�IRU�WKH�3UHYHQWLRQ�RI�0DULQH�3ROOXWLRQ�:RUNLQJ�*URXS�RQ�6HD�%DVHG�$FWLYLWLHV��6(%$��
%LDUULW]��)UDQFH��������)HEUXDU\���������SS�

$EVWUDFW��7KH�1RUZHJLDQ�DXWKRULWLHV�GHILQH�D�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLG�DV�¦D�GULOOLQJ�IOXLG�ZKHUH�WKH�EDVH�IOXLG
FRQVLVWV�RI�QRQ�ZDWHU�VROXEOH�RUJDQLF�FRPSRXQGV�DQG�ZKHUH�QHLWKHU�WKH�EDVH�IOXLG�QRU�WKH�DGGLWLYHV�DUH�RI
SHWUROHXP�RULJLQ���&XUUHQW�UHJXODWRU\�SUDFWLFHV�LQ�1RUZD\�DUH�UHYLHZHG�DQG�D�UHFRPPHQGDWLRQ�LV�PDGH�WR�KROG�D
ZRUNVKRS�WR�KDUPRQL]H�WKH�UHJXODWLRQV�RI�GLIIHUHQW�1RUWK�6HD�FRXQWULHV�ZLWK�UHVSHFW�WR�6%0�GLVFKDUJHV�WR�WKH
RFHDQ�

1RUZHJLDQ�2LO�,QGXVWU\�$VVRFLDWLRQ�:RUNLQJ�*URXS��������&ULWHULD�IRU�VHOHFWLRQ�DQG�DSSURYDO�RI�GULOOLQJ
IOXLGV��ZLWK�UHVSHFW�WR�HIIHFWV�RQ�KXPDQ�ZRUNHUV�DQG�PDULQH�HFRORJLFDO�V\VWHPV��1RUZHJLDQ�2LO
,QGXVWU\�$VVRFLDWLRQ��6WDYDQJHU��1RUZD\�����SS�

$EVWUDFW��([WHQVLYH�OHJLVODWLRQ�UHJDUGLQJ�WKH�DFFHSWDQFH�RI�GLVFKDUJHV�WR�WKH�PDULQH�HQYLURQPHQW�KDV�H[LVWHG�IRU
VRPH�\HDUV��$FFHSWDQFH�FULWHULD�UHJDUGLQJ�WKH�ZRUN�HQYLURQPHQW�KDV�EHHQ�OHVV�FOHDU��7KHUHIRUH��DQ�LQFUHDVHG�IRFXV
RQ�KXPDQ�KHDOWK�HIIHFWV�LQ�UHODWLRQ�WR�GULOOLQJ�IOXLGV�ZDV�DOVR�UHTXLUHG��7KH�GDQJHURXV�SURSHUWLHV�DQG�D�PHWKRG�RI
GRFXPHQWDWLRQ�DQG�WHVWLQJ�VKRXOG�EH�LGHQWLILHG��%DVHG�RQ�WKLV��WKH�SURMHFW�DWWHPSWHG�WR�GHILQH�DFFHSWDQFH�FULWHULD�WR
DYRLG�IXWXUH�QHJDWLYH�KHDOWK�HIIHFWV�RQ�SHUVRQQHO�H[SRVHG�WR�GULOOLQJ�IOXLGV�DQG�D�PRUH�FRPSHWHQW�HYDOXDWLRQ
SHUWDLQLQJ�WR�PDULQH�HQYLURQPHQW�

7R�SUHSDUH�WKH�EDVLV�IRU�WKH�UHFRPPHQGDWLRQV�LQ�WKLV�UHSRUW��WZR�FRQVXOWDQW�UHSRUWV�ZHUH�FRPSLOHG��$�UHSRUW
UHJDUGLQJ�WKH�PDULQH�HQYLURQPHQW�ZDV�SUHSDUHG�E\�$TXDWHDP������DQG�D�UHSRUW�UHJDUGLQJ�KXPDQ�KHDOWK�HIIHFWV�ZDV
SUHSDUHG�E\�WKH�6WDWRLO�5HVHDUFK�&HQWHU������7KH�FRQFOXVLRQV�LQ�WKHVH�UHSRUWV�DUH�RI�DQ�DGYLVRU\�QDWXUH�

2OLYHU��*�$��DQG�6�-��)LVKHU��������7KH�SHUVLVWHQFH�DQG�HIIHFWV�RI�QRQ�ZDWHU�EDVHG�GULOOLQJ�IOXLGV�RQ�$XVWUDOLD
V
1RUWK�:HVW�6KHOI��SURJUHVV�ILQGLQJV�IURP�WKUHH�VHDEHG�VXUYH\V��3DJHV�������,Q��,QWHUQDWLRQDO
:RUNVKRS�RQ�'ULOOLQJ�)OXLGV�(FRWR[LFRORJ\�DQG�%LRGHJUDGDWLRQ��&XUWLQ�8QLYHUVLW\��3HUWK��:HVWHUQ
$XVWUDOLD������2FWREHU������

$EVWUDFW��7KH�HIIHFWV�DQG�SHUVLVWHQFH�RI�ORZ�WR[LFLW\�RLO�EDVHG�GULOOLQJ�PXG�FRQWDPLQDWHG�GULOO�FXWWLQJV�GLVFKDUJHG
LQWR�WKH�PDULQH�HQYLURQPHQW�ZDV�LQYHVWLJDWHG�DW�WKUHH�ORFDWLRQV�RQ�:HVWHUQ�$XVWUDOLD
V�1RUWK�:HVW�6KHOI��1:6��
QDPHO\�WKH�1RUWK�5DQNLQ�
$
��15$��GULOOLQJ�SODWIRUP��WKH�:DQDHD���SURGXFWLRQ�ZHOO��DQG�WKH�/\Q[��D�H[SORUDWLRQ
ZHOO��)RU�WKH�PXOWLSOH�ZHOO�GULOOLQJ�RSHUDWLRQ�DW�15$��DFXWH�ELRORJLFDO�HIIHFWV�ZHUH�UHVWULFWHG�WR�ZLWKLQ�����P�LQ�WKH
GLUHFWLRQ�RI�WKH�SUHYDLOLQJ�FXUUHQW��+LJK�WRWDO�SHWUROHXP�K\GURFDUERQ��73+��FRQFHQWUDWLRQV�ZLWKLQ�WKH�15$�FXWWLQJV
SLOH�SHUVLVWHG�EHWZHHQ������DQG�������$ZD\�IURP�WKH�FXWWLQJV�SLOH�LWVHOI��D�FRQVLVWHQW�GRZQZDUG�WUHQG�LQ�WRWDO
SHWUROHXP�K\GURFDUERQV�ZDV�HYLGHQW��LQGLFDWLQJ�DQ�DSSUR[LPDWH�KDOI�OLIH�RI�RQH�\HDU�IRU�VXUIDFH�VHGLPHQWV��$�VXUYH\
DW�WKH�:DQDHD���VLWH��XQGHUWDNHQ����PRQWKV�DIWHU�WKH�FRPSOHWLRQ�RI�GULOOLQJ��LQGLFDWHG�UHODWLYHO\�ORZ�UHVLGXDO
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���

K\GURFDUERQ�FRQFHQWUDWLRQV������PJ�NJ��EHORZ�WKH�FXWWLQJV�GLVFKDUJH�SRLQW��$IWHU�WKUHH�\HDUV��ELRORJLFDO�HIIHFWV
DSSHDUHG�WR�EH�OLPLWHG�WR�ZLWKLQ�����P�RI�WKH�FXWWLQJV�GLVFKDUJH�SRLQW��ZLWK�EDFNJURXQG�OHYHOV�RI�73+�DQG�WUDFH
PHWDOV�RFFXUULQJ�DW������P�LQ�WKH�GLUHFWLRQ�RI�WKH�SUHYDLOLQJ�FXUUHQW��'UDPDWLF�UHGXFWLRQV�LQ�73+�DQG�EDULXP
FRQFHQWUDWLRQV�RFFXUUHG�LQ�WKH����PRQWK�SHULRG�EHWZHHQ�WKH�FRPSOHWLRQ�RI�GULOOLQJ�DQG�WKH�IROORZ�XS�VXUYH\�DW�/\Q[
�D��7KH�UHGXFWLRQV�DUH�DWWULEXWHG�WR�VHGLPHQW�GLVSHUVDO�PHFKDQLVPV�ZKLFK�DSSHDU�WR�SOD\�D�PDMRU�UROH�LQ�UHGXFLQJ
VHGLPHQW�73+�DQG�WUDFH�PHWDO�FRQFHQWUDWLRQV�LQ�PLG�VKHOI�GHSWKV�������P��RQ�WKH�1:6��7KH�LQVWDOODWLRQ�DQG
SUHVHQFH�RI�VXEVHD�SURGXFWLRQ�IDFLOLWLHV�PD\�UHVXOW�LQ�VHGLPHQW�UHGLVWULEXWLRQ�DQG�FKDQJHG�GLVSHUVDO�PHFKDQLVPV�
FRPSOLFDWLQJ�WKH�LQWHUSUHWDWLRQ�RI�FRQWDPLQDQWV�ZLWKLQ�VHGLPHQW�VDPSOHV�

2RL��%��+��������0DULQH�HQYLURQPHQWDO�PRQLWRULQJ�SURJUDP��63(��������3DJHV���������,Q��7KH�6HFRQG
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG�(QYLURQPHQW�LQ�2LO�DQG�*DV�([SORUDWLRQ�DQG�3URGXFWLRQ�
-DNDUWD��,QGRQHVLD��������-DQXDU\�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��,Q�WKH�GULOOLQJ�IRU�DQG�SURGXFWLRQ�RI�FUXGH�RLO�DQG�JDV�RIIVKRUH��LW�LV�QHFHVVDU\�WR�DVVHVV�WKH�HIIHFWV�RI�VXFK
DFWLYLWLHV�RQ�WKH�PDULQH�HQYLURQPHQW��(QYLURQPHQWDO�PRQLWRULQJ�SURJUDPV�DUH�FRQGXFWHG�WR�FROOHFW�GDWD�IRU
DVVHVVLQJ�WKH�HIIHFWV�DQG�GHWHUPLQLQJ�WKH�GHJUHH�RI�LPSDFW��7KH\�SURYLGH�WKH�EDVHV�IRU�LPSOHPHQWLQJ�DSSURSULDWH
PHDVXUHV�WR�PLWLJDWH�WKH�LPSDFW��(VVR�3URGXFWLRQ�0DOD\VLD�,QF���630,��KDV�VLQFH�LWV�HDUO\�\HDUV�RI�RSHUDWLRQ�LQ
0DOD\VLD�LQ�WKH�VHYHQWLHV��FRQGXFWHG�VHYHUDO�PRQLWRULQJ�VWXGLHV�WR�JDXJH�WKH�LPSDFW�RI�LWV�RSHUDWLRQV�RQ�PDULQH
ZDWHUV��7KH�VWXGLHV�HQWDLO�SK\VLFDO��FKHPLFDO�DQG�ELRORJLFDO�DVSHFWV��DQG�XVH�RI�WKH�EHQWKLF�FRPPXQLW\�WR�WUDFN�VKRUW
DQG�ORQJ�WHUP�HIIHFWV��7KLV�SDSHU�GHVFULEHV�WKH�6HOLJL�(QYLURQPHQWDO�0RQLWRULQJ�3URJUDP�FRPPLVVLRQHG�E\�(30,�
DQG�GLVFXVVHV�REVHUYDWLRQV�PDGH�IURP�LW�

3DLQWHU��+�$��������'HWDLOHG�UHYLHZ�SDSHU�RQ�ELRGHJUDGDELOLW\�WHVWLQJ��2&'(�*&��������(QYLURQPHQW
�0RQRJUDSK��1R�����2(&'�6HULHV�RQ�WKH�7HVW�*XLGHOLQHV�3URJUDPPH��1XPEHU����(QYLURQPHQW
'LUHFWRUDWH��2UJDQLVDWLRQ�IRU�(FRQRPLF�&R�RSHUDWLRQ�DQG�'HYHORSPHQW��3DULV�

$EVWUDFW��$�OLWHUDWXUH�VHDUFK�ZDV�PDGH�WR�LQYHVWLJDWH�GHYHORSPHQWV�DQG�DGYDQFHV�LQ�PHWKRGV�IRU�GHWHUPLQLQJ
ELRGHJUDGDELOLW\�RYHU�WKH�ODVW�GHFDGH�RU�VR��7KH�OLWHUDWXUH�UHYLHZHG�GLG�QRW�LQGLFDWH�WKDW�WKHUH�ZDV�D�UHDO�QHHG�WR
GHYHORS�IXQGDPHQWDOO\�QHZ�2(&'�7HVW�*XLGHOLQHV�IRU�ELRGHJUDGDWLRQ�WHVWV��6HYHUDO�DSSURDFKHV�IRU�PHDVXULQJ�RU
HVWLPDWLQJ�ELRGHJUDGDWLRQ�UDWHV�DUH�GHVFULEHG��VRPH�RI�ZKLFK�PD\�EH�VXLWDEOH�IRU�HYDOXDWLQJ�ELRGHJUDGDWLRQ�RI
V\QWKHWLF�EDVH�GULOOLQJ�IOXLGV�

3DUN��6���'��&XOOXP��DQG�$�'��0F/HDQ��������7KH�VXFFHVV�RI�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV�RIIVKRUH�*XOI�RI
0H[LFR��D�ILHOG�FRPSDULVRQ�WR�FRQYHQWLRQDO�V\VWHPV��63(��������3DJHV���������,Q��7KH���WK�$QQXDO
7HFKQLFDO�&RQIHUHQFH�DQG�([KLELWLRQ�RI�WKH�6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��+RXVWRQ��7;�����
2FWREHU�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��7KH�ILUVW�ZHOOV�KDYH�EHHQ�VXFFHVVIXOO\�FRPSOHWHG�RIIVKRUH�*XOI�RI�0H[LFR�XVLQJ�D�QHZ�V\QWKHWLF�EDVHG
GULOOLQJ�IOXLG��3RO\DOSKDROHILQ��3$2���WKH�V\QWKHWLF�EDVH�XVHG�IRU�WKHVH�IOXLGV��LV�XQLTXH�WR�WKH�GULOOLQJ�IOXLGV�LQGXVWU\
DW�WKLV�WLPH�7KH�HQYLURQPHQWDO�EHQHILWV�RI�3$2�EDVHG�V\QWKHWLF�V\VWHPV�RYHU�FRQYHQWLRQDO�RLO�EDVHG�IOXLGV�DQG�VRPH
ZDWHU�EDVHG�IOXLGV�KDV�DOUHDG\�EHHQ�SUHVHQWHG�LQ�SULRU�SDSHUV��+RZHYHU��WKH�SUDFWLFDO�EHQHILWV�JDLQHG�IURP�XWLOL]LQJ
3$2�DV�DQ�DOWHUQDWLYH�WR�FRQYHQWLRQDO�V\VWHPV�FDQ�QRZ�EH�GRFXPHQWHG�DIWHU�D�VHULHV�RI�KLJKO\�VXFFHVVIXO�ILHOG�WHVWV
LQ�WKH�*XOI�RI�0H[LFR�

7KH�QRQ�DTXHRXV�3$2�V\VWHP�KDV�EHHQ�XVHG�RQ�VHYHUDO�ZHOOV�LQ�WKH�*XOI�RI�0H[LFR�WR�GULOO�SUREOHPDWLF�IRUPDWLRQV
SUHYLRXVO\�GULOOHG�ZLWK�HLWKHU�LQKLELWLYH�ZDWHU�EDVHG�RU�RLO�EDVHG�IOXLGV��:HOOV�ZLWK�DQJOHV�XS�WR�����DQG�IRUPDWLRQV
IURP������IW�WR�������IW�KDYH�EHHQ�VXFFHVVIXOO\�GULOOHG�'LUHFW�FRPSDULVRQV�FDQ�EH�PDGH�UHJDUGLQJ�SHUIRUPDQFH
EHQHILWV�RI�3$2�EDVHG�V\QWKHWLF�V\VWHPV�YHUVXV�ZDWHU�EDVHG�DQG�RLO�EDVHG�V\VWHPV�SUHYLRXVO\�XVHG�WR�GULOO�LQ�WKH
VDPH�ORFDWLRQ��%HQHILWV�LQ�KROH�VWDELOLW\��FXWWLQJV��LQWHJULW\��OXEULFDWLRQ��DQG�JDXJH�ZHOOERUHV��DOO�OHDGLQJ�WR
LQFUHDVHG�SHQHWUDWLRQ�UDWHV�DQG�VXEVHTXHQW�UHGXFWLRQ�LQ�GULOOLQJ�GD\V��FDQ�EH�VHHQ�

7KLV�SDSHU�UHYLHZV�WKH�UHVXOWV�RI�WKH�ILUVW�ILHOG�WHVWV�ZLWK�3$2�V\QWKHWLF�V\VWHPV�LQ�WKH�*XOI�RI�0H[LFR�FRQFHQWUDWLQJ
RQ�WKH�SUDFWLFDO�DVSHFWV�RI�GULOOLQJ�UDWKHU�WKDQ�WKH�GHWDLOHG�HQYLURQPHQWDO�LQIRUPDWLRQ�ZKLFK�KDV�EHHQ�FRYHUHG�LQ
SULRU�OLWHUDWXUH�



���

3DWHO��$�'��������&KRRVLQJ�WKH�ULJKW�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��GULOOLQJ�SHUIRUPDQFH�YHUVXV�HQYLURQPHQWDO
LPSDFW��63(��������3DJHV������,Q��7KH�)LUVW�63(�,QGLD�2LO�DQG�*DV�&RQIHUHQFH�DQG�([KLELWLRQ��1HZ
'HOKL��������)HEUXDU\�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��(QYLURQPHQWDO�LVVXHV�KDYH�FUHDWHG�HYHU�PRYLQJ�WDUJHWV�IRU�GULOOLQJ�IOXLGV��RU�PXGV��(QYLURQPHQWDO
UHJXODWLRQV�DUH�GLYHUVH��FRPSOH[��DQG�KDYH�D�WUHPHQGRXV�LPSDFW�RQ�GULOOLQJ�RSHUDWLRQV��HFRQRPLFDOO\�DV�ZHOO�DV
ORJLVWLFDOO\��,Q�RUGHU�WR�VXFFHVVIXOO\�PHHW�WKHVH�UHJXODWRU\�FRQVWUDLQWV��V\QWKHWLF�EDVHG�PXGV�DUH�EHFRPLQJ
LQFUHDVLQJO\�SRSXODU�DV�VXEVWLWXWHV�IRU�FRQYHQWLRQDO�RLO�EDVHG�PXGV��&RQWLQXDO�HYROXWLRQ�RI�V\QWKHWLF�EDVHG�PXGV
�6%0V��DQG�WKH�LQFUHDVLQJ�GLYHUVLW\�RI�V\QWKHWLF�EDVH�IOXLGV��6%)V��KDYH�PDGH�WKH�VHOHFWLRQ�RI�HQYLURQPHQWDOO\
DFFHSWDEOH�V\QWKHWLF�IOXLGV�LQFUHDVLQJO\�FRPSOH[�UHTXLULQJ�NQRZOHGJH�RI�FKHPLFDO�FRPSRVLWLRQ�DQG�VWUXFWXUH�HIIHFWV
RQ�WR[LFLW\��ELRGHJUDGDELOLW\��DQG�SHUIRUPDQFH�

([DPLQDWLRQ�RI�WKH�6%)V��WKH�V\QWKHWLF�EDVH�IOXLGV��SURYLGHV�LQVLJKW�LQWR�WKH�HQYLURQPHQWDO�DQG�SHUIRUPDQFH�LVVXHV
WKDW�DIIHFW�WKH�VHOHFWLRQ�DQG�GULOOLQJ�SHUIRUPDQFH�RI�WKH�6%0V��WKH�PXG��7KH�WR[LFLW\��ELRGHJUDGDELOLW\��DQG
ELRDFFXPXODWLRQ�RI�6%0V�GHSHQG�RQ�WKH�PROHFXODU�FRPSRVLWLRQ�DQG�VWUXFWXUH�RI�WKH�EDVH�IOXLG��,Q�JHQHUDO��WKH
GHJUHH�RI�EUDQFKLQJ�DIIHFWV�WKH�ELRGHJUDGDELOLW\�DQG�WKH�PROHFXODU�ZHLJKW�DIIHFWV�WKH�WR[LFLW\�RI�V\QWKHWLFV�GHULYHG
IURP�VLPLODU�FKHPLVWU\��7KH�WKHUPDO�VWDELOLW\�DQG�SHUIRUPDQFH�FKDUDFWHULVWLFV�RI�WKH�6%0V�GHSHQG�RQ�WKH�FKHPLFDO
FRPSRVLWLRQ�RI�WKH�EDVH�IOXLG�DQG�HPXOVLILHUV�XVHG�LQ�WKH�6%0V��7KH�ILQDO�FKRLFH�RI�WKH�6%)�GHSHQGV�RQ�WKH
DSSOLFDWLRQ�DQG�HQYLURQPHQWDO�UHTXLUHPHQWV�IRU�D�SDUWLFXODU�DUHD��KRZHYHU��V\QWKHWLF�K\GURFDUERQ�EDVHG�IOXLGV
KDYH�VKRZQ�WR�EH�RYHUDOO�EHVW�LQ�FRVW�YV�SHUIRUPDQFH�

3HWHUVHQ��6�3���%��.UXVH��DQG�.��-HQVHQ��������'HJUDGDWLRQ�RI�ORZ�WR[LFLW\�GULOOLQJ�PXG�EDVH�RLO�LQ�VHGLPHQW�FRUHV�
0DULQH�3ROOXWLRQ�%XOOHWLQ����������������

$EVWUDFW��7KH�UHPRYDO�RI�ORZ�WR[LFLW\�EDVH�RLO�RULJLQDWLQJ�IURP�GULOOLQJ�PXG��ZDV�WHVWHG�LQ�VHGLPHQW�FRUHV��7KH
VHGLPHQW�ZDV�FRQWDPLQDWHG�ZLWK�����PJ�NJÜ

Ö�GU\�ZW�ORZ�WR[LF�GULOOLQJ�EDVH�RLO��DQG�WKH�DPRXQW�RI�RLO�ZDV
GHWHUPLQHG�XVLQJ�PLFUR�VWHDP�GLVWLOODWLRQ�DQG�*&��7KH�UHPRYDO�WLPH�LQ�WKH�XSSHU�FHQWLPHWHU�RI�WKH�VHGLPHQW�ZDV
HVWLPDWHG�WR�EH�����GD\V�DQG�WKH�YHORFLW\�FRQVWDQW�WR�EH�����PJ�WRWDO�3+&�NJ�GU\�VHGLPHQW�GD\��1R�GHJUDGDWLRQ
FRXOG�EH�VHHQ�LQ�WKH�XQGHUO\LQJ�VHGLPHQW��ZKHUH�WKH�RLO�FRQWHQW�UHPDLQHG�FRQVWDQW�RU�LQFUHDVHG�VOLJKWO\�GXH�WR
ELRWXUEDWLRQ�GXULQJ�WKH�WHVW�SHULRG�RI����GD\V�

3HWUD]]XROR��*DU\��������0HPRUDQGXP�IURP�$YDQWL�&RUSRUDWLRQ��WR�-RVHSK�'DO\��8�6��(3$�267�($'�
UHJDUGLQJ�UHYLHZ�RI�WKH��6LPXODWHG�6HDEHG��1,9$�SURWRFROV�IRU�DVVHVVLQJ�SRWHQWLDO�LPSDFWV�IURP
GLVFKDUJHV�RI�FXWWLQJV�IURP�V\QWKHWLF�GULOOLQJ�IOXLG�V\VWHPV����SS�

$EVWUDFW��7KLV�PHPRUDQGXP�SUHVHQWV�D�UHYLHZ��DQDO\VLV��DQG�HYDOXDWLRQ�RI�WKH�1,9$�SURWRFROV��7KH�JHQHUDO
H[SHULPHQWDO�GHVLJQ�RI�WKH�1,9$�SURWRFROV�DUH�SUHVHQWHG�ILUVW�IROORZHG�E\�DQ�DQDO\VLV�DQG�HYDOXDWLRQ�RI�WKH�JHQHUDO
DQG�V\QWKHWLF�IOXLG�VSHFLILF�GHVLJQ�FRQVLGHUDWLRQV���7KH�1,9$�SURWRFROV�DIIRUG�WKH�DELOLW\�WR�XQGHUWDNH�DQ
H[SHULPHQWDO�DSSURDFK�WR�HFRORJLFDO�VFDOH�LQYHVWLJDWLRQ�EHFDXVH�WKH�FRPSOH[LW\�WKDW�WKH�V\VWHP�FDQ�SURYLGH�DIIRUGV
REVHUYDWLRQV�RI�FRPSOLFDWHG��LQWHU�UHODWHG�HFRORJLFDO�SURFHVVHV�DQG�SKHQRPHQD��%HFDXVH�RI�WKLV�FRPSOH[LW\��WKH
1,9$�SURWRFROV�DUH�D�OHVV�DWWUDFWLYH�DSSURDFK�WR�H[SHQG�UHVRXUFHV�

3KLOOLSV��&���-��(YDQV��:��+RP��DQG�-��&OD\WRQ��������/RQJ�WHUP�FKDQJHV�LQ�VHGLPHQW�EDULXP�LQYHQWRULHV
�DVVRFLDWHG�ZLWK�GULOOLQJ�UHODWHG�GLVFKDUJHV�LQ�WKH�6DQWD�0DULD�%DVLQ��&DOLIRUQLD��86$��(QYLURQPHQWDO
7R[LFRORJ\�DQG�&KHPLVWU\������������������

$EVWUDFW��1LQH�\HDU�������������UHFRUGV�RI�EDULXP��%D��FRQFHQWUDWLRQV�LQ�VXUILFLDO��VXEVXUIDFH��DQG�VXVSHQGHG
VHGLPHQWV�QHDU�RIIVKRUH�RLO�DQG�JDV�SODWIRUPV�LQ�WKH�6DQWD�0DULD�%DVLQ��&DOLIRUQLD��86$��ZHUH�DQDO\]HG�WR�HYDOXDWH
WHPSRUDO�WUHQGV�UHODWHG�WR�GULOOLQJ�DFWLYLWLHV��7KHVH�WUHQGV�SURYLGH�LPSRUWDQW�LQIRUPDWLRQ�RQ�WKH�ORQJ�WHUP�HIIHFWV�RI
GULOOLQJ�GLVFKDUJHV�RQ�JHRFKHPLFDO�FRQGLWLRQV��'ULOOLQJ�GXULQJ�WKH������WKURXJK�������SKDVH�,,��PRQLWRULQJ�SHULRG
UHVXOWHG�LQ�VLJQLILFDQW�FKDQJHV�LQ�%D�FRQFHQWUDWLRQV�LQ�VXVSHQGHG�SDUWLFOHV�DQG�VXUILFLDO�VHGLPHQWV��ZKHUHDV�WKH
UHODWLYHO\�VKRUWHU������WKURXJK�������SKDVH�,,,��GULOOLQJ�RSHUDWLRQV�UHVXOWHG�LQ�RQO\�PLQRU�LQFUHDVHV�LQ�%D
FRQFHQWUDWLRQV�LQ�VXVSHQGHG�VHGLPHQWV��5HVLGXDO�H[FHVV�%D�ZDV�SUHVHQW�LQ�VRPH�VHGLPHQWV�ZLWKLQ�����P�RI�WKH
SODWIRUPV�DW�FRQFHQWUDWLRQV�XS�WR�DQ�RUGHU�RI�PDJQLWXGH�DERYH�EDFNJURXQG��7KHVH�HOHYDWHG�OHYHOV�SUREDEO\�ZHUH
DVVRFLDWHG�ZLWK�FXWWLQJV�SDUWLFOHV�GHSRVLWHG�QHDU�WKH�EDVH�RI�WKH�SODWIRUPV��&DOFXODWHG�H[FHVV�%D�LQ�VHGLPHQWV�ZLWKLQ
����P�RI�WKH�SODWIRUPV�UHSUHVHQWHG���WR�����RI�WKH�WRWDO�%D�GLVFKDUJHG�GXULQJ�WKH�WZR�GULOOLQJ�SHULRGV�



���

5DELRQ��$���)��3HULH��$�*�0��%DVVHUHV��DQG�&��=XUGR��������%LRGHJUDGDWLRQ�RI�V\QWKHWLF�PXGV��R[LGDWLYH
SUHWUHDWPHQWV��63(��������,Q�������63(�8.22$�(XURSHDQ�(QYLURQPHQWDO�&RQIHUHQFH��$EHUGHHQ�
6FRWODQG��������$SULO�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;����SS�

$EVWUDFW��7KLV�UHSRUW�GHVFULEHV�D�VLPSOH�SUHWUHDWPHQW�WR�HQKDQFH�ROHILQ�EDVHG�SVHXGR�RLO�EDVHG�PXG
ELRGHJUDGDWLRQ�XQGHU�ERWWRP�RI�WKH�VHD�FRQGLWLRQV��7KH�VXJJHVWHG�WUHDWPHQW�LQYROYHV�WKH�R[LGDWLRQ�RI�FXWWLQJV�ZLWK
GLOXWHG�QLWULF�DFLG�SULRU�WR�OLTXLG�VROLG�VHSDUDWLRQ��VHD�ZDWHU�QHXWUDOL]DWLRQ�RI�WKH�PXG��DQG�ELRGHJUDGDWLRQ�
6DWXUDWHG�K\GURFDUERQV�VXFK�DV�SRO\DOSKDROHILQV�FRQWDLQHG�LQ�FXWWLQJV�ZHUH�QRW�GHJUDGHG�XQGHU�WKH�SURSRVHG
UHDFWLRQ�FRQGLWLRQV��&RPSDULVRQ�RI�R[LGL]HG�DQG�XQWUHDWHG�ROHILQV�LPSUHJQDWHG�FXWWLQJV�FOHDUO\�GHPRQVWUDWHV�WKDW
R[LGL]HG�FXWWLQJV�ELRGHJUDGH�PRUH�UDSLGO\�WKDQ�XQWUHDWHG�RQHV��)XUWKHUPRUH��ZH�GHPRQVWUDWH�WKDW�R[LGL]HG�FXWWLQJV
DOORZHG�IRU�DQ�HQKDQFHG�HYROYHPHQW�RI�FDUERQ�GLR[LGH�DV�FRPSDUHG�WR�XQVRLOHG�VHGLPHQWV��,Q�DGGLWLRQ�LW�ZDV�VKRZQ
WKDW�ROHILQV�KDYH�DQ�LQKLELWRU\�HIIHFW�XSRQ�WKH�VHGLPHQW�PLQHUDOL]DWLRQ�DQG�WKDW�RYHUDOO�&2��HYROYHPHQW�LV
VLJQLILFDQWO\�ORZHU�ZLWK�XQWUHDWHG�FXWWLQJV�VRLOHG�VHGLPHQWV�DV�FRPSDUHG�WR�WKH�XQVRLOHG�VHGLPHQWV�

5DENH��6�3���-��&DQGOHU��DQG�&��7ULDO��������'HYHORSPHQW�RI�DFXWH�EHQWKLF�WR[LFLW\�WHVWLQJ�IRU�PRQLWRULQJ
V\QWKHWLF�EDVHG�PXGV�GLVFKDUJHG�RIIVKRUH��3UHVHQWHG�DW�WKH�,%&�&RQIHUHQFH�RQ�0RQLWRULQJ�WKH
(QYLURQPHQWDO�(IIHFWV�RI�2IIVKRUH�'ULOOLQJ��+RXVWRQ��7;�����SS�

$EVWUDFW��6\QWKHWLF�EDVHG�PXGV��6%0
V��KDYH�SHUIRUPDQFH�DGYDQWDJHV�RYHU�WUDGLWLRQDO�GULOOLQJ�IOXLGV�LQ�RIIVKRUH
DSSOLFDWLRQV��HVSHFLDOO\�GHHS�ZDWHU��7KHVH�DGYDQWDJHV�FDQ�UHGXFH�WKH�YROXPH�RI�ZDVWH�JHQHUDWHG��%HFDXVH�RI�WKH
SK\VLFDO�DQG�FKHPLFDO�SURSHUWLHV�RI�FXWWLQJV�FRDWHG�ZLWK�6%0��WKH�LQYHVWLJDWLRQ�RI�SRWHQWLDO�LPSDFWV�RI�6%0
V�RQ�WKH
HQYLURQPHQW�KDV�IRFXVHG�RQ�WKH�VHDIORRU��$FXWH�EHQWKLF�WR[LFLW\�WHVWV�DUH�RQH�PHWKRG�RI�HYDOXDWLQJ�SRWHQWLDO�VHDIORRU
HQYLURQPHQWDO�LPSDFWV�IURP�6%0
V��7KLV�SDSHU�ZLOO�ORRN�DW�EHQWKLF�RUJDQLVPV��XVLQJ�(3$�����5��������DQG�$670
(���������DV�SRVVLEOH�WHVW�PHWKRGV��,W�DOVR�SUHVHQWV�LQIRUPDWLRQ�RQ�UHSURGXFLELOLW\�DQG�YDULDELOLW\�RI�WKH�WHVWV�DQG
WHVW�RUJDQLVPV��7KH�DYHUDJH�DFXWH�WR[LFLWLHV�RI�WKH�EDVH�IOXLG�WR�WKH�EHQWKLF�DPSKLSRG�$PSHOLVFD�DEGLWD�ZHUH����
PJ�NJ������PJ�NJ��DQG������PJ�NJ�IRU�GLHVHO�IXHO��&����,2��DQG�3$2��UHVSHFWLYHO\��7KH�UHODWLYH�WR[LFLWLHV�RI�WKH
WKUHH�ZKROH�PXGV�ZHUH�����PJ�NJ������PJ�NJ��DQG�����PJ�NJ��UHVSHFWLYHO\��6HGLPHQWV�LQ�WKH�WHVW�FRQWDLQHUV�GLG�QRW
EHFRPH�DQR[LF�GXULQJ�WKH�WHVWV��VR�DQR[LD�GLG�QRW�FRQWULEXWH�WR�WKH�REVHUYHG�WR[LFLW\�

5DENH��6�3��DQG�-�(��&DQGOHU��������5HGXFLQJ�SRWHQWLDO�VHDIORRU�LPSDFWV�IURP�V\QWKHWLF�EDVHG�PXGV�ZLWK�DFXWH
�EHQWKLF�WR[LFLW\�WHVWLQJ��3UHVHQWHG�DW�WKH��WK�$QQXDO�,QWHUQDWLRQDO�3HWUROHXP�(QYLURQPHQWDO�&RQIHUHQFH�
$OEXTXHUTXH��1HZ�0H[LFR��2FWREHU�����������������3DJHV�SOXV�DSSHQGL[�DQG�FKDUWV�

$EVWUDFW��7KH�XVH�RI�V\QWKHWLF�EDVHG�PXG��6%0��FDQ�LPSURYH�GULOOLQJ�SHUIRUPDQFH�DQG�UHGXFH�WKH�YROXPH�RI
SROOXWLRQ�IRU�RIIVKRUH�RSHUDWLRQV��%HFDXVH�RI�WKH�K\GURSKRELF�QDWXUH�RI�FXWWLQJV�FRDWHG�ZLWK�6%0��WKH�FXWWLQJV�ZLOO
VHWWOH�UDSLGO\�WR�WKH�VHDIORRU��&RQVHTXHQWO\�WKH�IRFXV�RI�LQYHVWLJDWLRQV�KDV�EHHQ�RQ�WKH�EHQWKLF�FRPPXQLW\�
/DERUDWRU\�WHVWV�WKDW�PHDVXUH�DFXWH�EHQWKLF�WR[LFLW\�DQG�ELRGHJUDGDWLRQ�UDWHV�PD\�EH�XVHIXO�WRROV�IRU�SUHGLFWLQJ
LPSDFWV�RI�YDULRXV�6%0
V�RQ�WKH�VHDIORRU��7KLV�SDSHU�UHSRUWV�WKH�PRVW�XSGDWHG�LQIRUPDWLRQ�RQ�GHYHORSPHQW�RI
EHQWKLF�WR[LFLW\�WHVWV�WKDW�FDQ�EH�XVHG�RQ�6%0
V��7KH�PHDQ�DFXWH�WR[LFLW\�WR�WKH�EHQWKLF�DPSKLSRG�/HSWRFKHLUXV
SOXPXORVXV�LQ�VROLG�SKDVH�WHVWV�ZDV�����PJ�NJ�IRU�GLHVHO�IXHO�DQG������PJ�NJ�IRU�&����,2�

5DENH��6�3��DQG�-�(��&DQGOHU��������0D[LPL]LQJ�WKH�GLVFULPLQDWRU\�SRZHU�IRU�QRQ�DTXHRXV�IOXLGV�XVLQJ
PRGLILHG�/HSWRFKHLUXV�SOXPXORVXV�VHGLPHQW�WR[LFLW\�WHVW�PHWKRG��3RVWHU��6(7$&�$QQXDO�0HHWLQJ�
3KLODGHOSKLD��3$��1RY���������������0DQXVFULSW�IURP�0�,�/�/�&��+RXVWRQ��7;�

$EVWUDFW���$GYDQFHG�GULOOLQJ�IOXLGV�XVHG�LQ�RIIVKRUH�DSSOLFDWLRQV�KDYH�EHHQ�XVLQJ�QRQ�DTXHRXV�EDVH�IOXLGV�WR
LQFUHDVH�SHUIRUPDQFH��,Q�RUGHU�WR�VHOHFW�QRQ�DTXHRXV�SURGXFWV�WKDW�PLQLPL]HG�DFXWH�WR[LF�HIIHFWV�ZKHQ�GLVFKDUJHG
LQWR�PDULQH�EHQWKLF�HQYLURQPHQWV��D�WR[LFLW\�WHVW�PXVW�EH�DEOH�WR�GLVFULPLQDWH�EHWZHHQ�GLIIHUHQW�WHFKQRORJLHV��,Q�WKLV
VWXG\��QRQ�DTXHRXV�PDWHULDOV��XVHG�DV�EDVH�IOXLGV�IRU�GULOOLQJ�RIIVKRUH��ZHUH�VSLNHG�LQWR�VHGLPHQWV�WR�HYDOXDWH�WKHLU
WR[LF�HIIHFW�RQ�WKH�WHVW�RUJDQLVPV��7KH�SXUSRVH�RI�WKLV�SDSHU�LV�WR�HYDOXDWH�WKH�GLVFULPLQDWRU\�SRZHU�RI�D�PRGLILHG
YHUVLRQ�RI�WKH�VHGLPHQW�WR[LFLW\�WHVW�XVLQJ�/HSWRFKHLUXV�SOXPXORVXV��7KH�PRGLILFDWLRQV�HYDOXDWHG�LQFOXGHG
VKRUWHQLQJ�WKH�WHVW�GXUDWLRQ�IURP�WHQ�GD\V�WR�IRXU�GD\V�DQG�XVLQJ�IRUPXODWHG�VHGLPHQWV�DV�WKH�VXEVWUDWH��%\
PRGLI\LQJ�WKH�WHVW�SDUDPHWHUV��WKH�WHVW�FDQ�LQFUHDVH�LWV�GLVFULPLQDWRU\�SRZHU�DQG�UHSHDWDELOLW\�FDQ�LQFUHDVH�WHVW
SHUIRUPDQFH��7KH�DYHUDJH���K�/&���IRU�D�GLHVHO�DQG�DQ�LQWHUQDO�ROHILQ��GHWHUPLQHG�ZLWK�WKH�PRGLILHG�WHVW��ZHUH
��� ���PJ�NJ�DQG����� ���PJ�NJ��UHVSHFWLYHO\�± ± 



���

5REHUW�$\HUV�	�$VVRFLDWHV��,QF���6��0F.HOYLH��DQG�5�&��$\HUV��-U��������(QYLURQPHQWDO�HIIHFWV�RI�FXWWLQJV
IURP�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��$�OLWHUDWXUH�UHYLHZ��3UHSDUHG�E\�5REHUW�$\HUV�	�$VVRFLDWHV��,QF��
6��0F.HOYLH�RI�5XGDOO�%ODQFKDUG�$VVRFLDWHV��DQG�5�&��$\HUV��-U��5HSRUW�IRU��$PHULFDQ�3HWUROHXP
,QVWLWXWH��5REHUW�$\HUV�	�$VVRFLDWHV��,QF��+RXVWRQ��7;�����SS�

$EVWUDFW��6\QWKHWLF�EDVHG�GULOOLQJ�PXGV��6%0V��KDYH�EHHQ�GHYHORSHG�IRU�XVH�LQ�GLIILFXOW�GULOOLQJ�VLWXDWLRQV�LQ
UHVSRQVH�WR�UHVWULFWLRQV�RQ�WKH�GLVFKDUJH�RI�FXWWLQJV�DVVRFLDWHG�ZLWK�RLO�EDVHG�PXGV��2%0V����6%0V�H[KLELW�GULOOLQJ
SHUIRUPDQFH�FRPSDUDEOH�WR�2%0V�ZKLOH�WKH�EDVH�IOXLG��V\QWKHWLF��LV�OHVV�WR[LF�DQG�GHJUDGHV�IDVWHU�WKDQ
FRQYHQWLRQDO�PLQHUDO�RLOV�RU�GLHVHOV���$��V\QWKHWLF�PDWHULDO��RU��V\QWKHWLF��DV�GHILQHG�E\�WKH�8�6��(3$�PHDQV�D
PDWHULDO�SURGXFHG�E\�WKH�UHDFWLRQ�RI�VSHFLILF�SXULILHG�FKHPLFDO�IHHGVWRFNV���6\QWKHWLFV�GLIIHU�LQ�WKLV�ZD\�IURP
WUDGLWLRQDO�QRQ�DTXHRXV�EDVH�IOXLGV�VXFK�DV�GLHVHO�DQG�PLQHUDO�RLO���$W�WKLV�WLPH��0D\��������6%0V�KDYH�EHHQ�XVHG
PRUH�LQ�WKH�1RUWK�6HD�WKDQ�LQ�WKH�*XOI�RI�0H[LFR��KRZHYHU��6%0V�KDYH�JUHDW�SRWHQWLDO�WR�ORZHU�GULOOLQJ�FRVWV�LQ
GHHSZDWHU�DUHDV�RI�WKH�*XOI��D�UHJLRQ�RI�LQFUHDVLQJ�LPSRUWDQFH�WR�WKH�8�6��LQGXVWU\�

5HFHQW�VWXGLHV��SDUWLFXODUO\�LQ�WKH�8.��KDYH�VXJJHVWHG�WKDW�WKH�HQYLURQPHQWDO�HIIHFWV�UHVXOWLQJ�IURP�WKH�GLVFKDUJH�RI
6%0�FXWWLQJV�PD\�EH�VLPLODU�WR�WKRVH�DVVRFLDWHG�ZLWK�2%0���,Q�RUGHU�WR�GHWHUPLQH�LI�VLPLODU�LPSDFWV�RFFXU�LQ�WKH
*XOI�RI�0H[LFR��D�FRQVRUWLXP�RI�RSHUDWRUV�DQG�PXG�VXSSOLHUV�LV�SODQQLQJ�VWXGLHV�WR�HYDOXDWH�WKH�HQYLURQPHQWDO
LPSDFWV�RI�6%0�GLVFKDUJHV�LQ�WKH�*XOI���$3,�FRPPLVVLRQHG�WKLV�UHYLHZ�WR�DLG�LQ�WKH�SODQQLQJ�SURFHVV�

6%0V�PD\�EH�FODVVLILHG�LQWR�IRXU�JHQHUDO�FDWHJRULHV�
± V\QWKHWLF�K\GURFDUERQV�
± HWKHUV�
± HVWHUV��DQG
± DFHWDOV�
$W�WKLV�WLPH��WKH�PRVW�FRPPRQ�6%0V�XVHG�LQ�WKH�*XOI�RI�0H[LFR�DUH�WKH�V\QWKHWLF�K\GURFDUERQV���2I�WKHVH��OLQHDU
DOSKD�ROHILQV��/$2V��DQG�LQWHUQDO�ROHILQV��,2V��DUH�PRVW�SUHIHUUHG���(VWHUV�DQG�EOHQGV�RI�DQ�HVWHU�ZLWK�D�V\QWKHWLF
K\GURFDUERQ�DUH�DOVR�EHLQJ�XVHG�

3HUKDSV�WKH�PRVW�LPSRUWDQW�IOXLG�SURSHUWLHV�WKDW�PD\�DIIHFW�HQYLURQPHQWDO�LPSDFWV�DUH�WR[LFLW\�DQG�UDWH�RI
ELRGHJUDGDWLRQ���/DERUDWRU\�VWXGLHV�KDYH�VKRZQ�WKDW��WKRXJK�WR[LFLW\�OHYHOV�YDU\�FRQVLGHUDEO\��PRVW�V\QWKHWLFV
H[KLELW�ORZ�WR[LFLW\�DQG�FDQ�JHQHUDOO\�PHHW�WR[LFLW\�UHTXLUHPHQWV�LQ�DOO�FRXQWULHV�ZKHUH�WR[LFLW\�GDWD�DUH�UHTXLUHG�
7R[LFLW\�ZLWKLQ�D�SDUWLFXODU�FODVV�RI�6%0V�DSSHDUV�WR�EH�LQYHUVHO\�UHODWHG�WR�PROHFXODU�VL]H��ZKLFK�DIIHFWV�ZDWHU
VROXELOLW\���)RU�H[DPSOH��WKH�WR[LFLW\�UDQNLQJ�IRU�WKH�ROHILQV�LV�/$2 ,2!3$2���+RZHYHU��PRVW�VWDQGDUG�WR[LFLW\
WHVWV��VXFK�DV�WKH�8�6��(3$�GULOOLQJ�IOXLG�WHVW��KDYH�OLPLWHG�DSSOLFDWLRQ�WR�WKH�GLVFKDUJH�RI�6%0�FXWWLQJV�EHFDXVH�WKH
FXWWLQJV�VHWWOH�TXLFNO\�DQG�H[SRVXUH�WLPHV�LQ�WKH�ZDWHU�FROXPQ�DUH�TXLWH�VKRUW���6ROLG�SKDVH�ELRDVVD\�WHVWV�KDYH�WKH
SRWHQWLDO�RI�EHWWHU�HVWLPDWLQJ�WKH�WR[LFLW\�RI�6%0�FXWWLQJV���%LRGHJUDGDWLRQ�RI�6%0V�KDV�EHHQ�VWXGLHG�LQ�WKUHH�W\SHV
RI�H[SHULPHQWV�

± VWDQGDUG�ODERUDWRU\�WHVWV�
± VROLG�SKDVH�WHVWV��DQG
� VLPXODWHG�VHDEHG�VWXGLHV�

7KHUH�KDV�EHHQ�VRPH�FRQIXVLRQ�UHJDUGLQJ�WKH�ELRGHJUDGDELOLW\�RI�6%0V�IURP�ODERUDWRU\�VWXGLHV�EHFDXVH�RI�WKH
ZLGH�YDULHW\�RI�PHWKRGV�DYDLODEOH��VRPH�RI�ZKLFK�PD\�QRW�EH�FRPSDUDEOH�RU�UHOHYDQW�WR�WKH�FRQGLWLRQV�RI�GLVFKDUJH
LQ�WKH�PDULQH�HQYLURQPHQW���*HQHUDOO\��WHVW�UHVXOWV�VXJJHVW�WKDW�ELRGHJUDGDWLRQ�UDWH�RFFXUV�LQ�WKH�IROORZLQJ�RUGHU�
HVWHU!/$2�,2!3$2!DFHWDO�

6ROLG�SKDVH�WHVWV�KDYH�EHHQ�GHYHORSHG�WR�EHWWHU�UHIOHFW�VHDIORRU�FRQGLWLRQV�WKDQ�VWDQGDUG�ELRGHJUDGDWLRQ�WHVWV�
7KHVH�WHVWV�PHDVXUH�ORVVHV�RI�6%0�IURP�DOO�PHFKDQLVPV��QRW�MXVW�ELRGHJUDGDWLRQ���7KH�UHVXOWV�DUH�LQ�JHQHUDO
DJUHHPHQW�ZLWK�WKH�UHODWLYH�UDQNLQJ�REWDLQHG�LQ�WKH�FRQYHQWLRQDO�ELRGHJUDGDWLRQ�WHVWV�DQG�DOVR�VXJJHVW�WKDW�VRPH
6%0V�GHJUDGH�DW�UDWHV�VLPLODU�WR�PLQHUDO�RLOV���,Q�DGGLWLRQ�WKHVH�WHVWV�VKRZ�WKDW�GHJUDGDWLRQ�UDWHV�DUH�GHSHQGHQW�RQ
FRQFHQWUDWLRQ�DQG�DOVR�VHGLPHQW�W\SH�

6LPXODWHG�VHDEHG�VWXGLHV�KDYH�IRXQG�D�VLPLODU�UDQNLQJ�RI�GHJUDGDWLRQ�UDWHV�DV�WKRVH�UHSRUWHG�IURP�VROLG�SKDVH
WHVWV���7KHUH�DUH�DOVR�LQGLFDWLRQV�RI�GHJUDGDWLRQ�EHLQJ�GHSHQGHQW�RQ�FRQFHQWUDWLRQ�LQ�VHGLPHQWV���7KHVH�VWXGLHV�DOVR



���

IRXQG�WKDW�WKH�IDVWHU�GHJUDGLQJ�6%0V�KDYH�WKH�JUHDWHVW�LPSDFW�RQ�WKH�EHQWKLF�IDXQD�EHFDXVH�RI�WKH�UHVXOWDQW
UHGXFWLRQ�LQ�R[\JHQ�LQ�WKH�VHGLPHQWV�

5HVXOWV�IURP�ILHOG�VXUYH\V�ZKHUH�6%0V�KDYH�EHHQ�XVHG�DUH�OLPLWHG�DQG�LPSDFWV�DUH�GLIILFXOW�WR�FRPSDUH�EHFDXVH�RI
WKH�ZLGH�UDQJH�RI�IDFWRUV�LQYROYHG��H�J��ZDWHU�GHSWK��WHPSHUDWXUH��FXUUHQWV��PXG�W\SH��JHRORJ\��EHQWKLF�IDXQD��

%DVHG�RQ�DYDLODEOH�GDWD��WKH�/$2V��,2V�DQG�HVWHUV�DSSHDU�WR�EH�VXSHULRU�WR�RWKHU�FODVVHV�RI�V\QWKHWLFV�LQ�WHUPV�RI
WKH�DVVRFLDWHG�HQYLURQPHQWDO�HIIHFWV��(DFK�FODVV�KDV�DGYDQWDJHV�DQG�GLVDGYDQWDJHV���(VWHUV�ELRGHJUDGH�TXLFNHU
WKDQ�/$2V�RU�,2V�DQG�PD\�FDXVH�VHGLPHQWV�WR�EHFRPH�DQR[LF�UHVXOWLQJ�LQ�D�UHODWLYHO\�PRUH�VHYHUH�LQLWLDO�LPSDFW�
KRZHYHU��WKH�HVWHU©V�IDVWHU�ELRGHJUDGDWLRQ�UDWH�PD\�DOVR�UHVXOW�LQ�IDVWHU�UHFRYHU\�

:KLOH�PXFK�LV�NQRZQ�DERXW�WKH�HQYLURQPHQWDO�HIIHFWV�RI�V\QWKHWLF�XVH��D�QXPEHU�RI�LQIRUPDWLRQ�JDSV�VWLOO�H[LVW��7KH
PRVW�LPSRUWDQW�QHHG�LV�D�EHWWHU�XQGHUVWDQGLQJ�RI�6%0�FXWWLQJV�GLVFKDUJH�LQ�*XOI�RI�0H[LFR�HQYLURQPHQWV��0RUH
LQIRUPDWLRQ�LV�QHHGHG�RQ�KRZ�HQYLURQPHQWDO�FRQGLWLRQV�DW�WKH�VHDIORRU�DIIHFW�LPSDFW�DQG�UHFRYHU\���$�NH\�IDFWRU�LV
WR�GHWHUPLQH�LI�6%0�FXWWLQJV�GLVFKDUJH�ZLOO�UHVXOW�LQ�WKH�IRUPDWLRQ�RI�SHUVLVWHQW�FXWWLQJV�SLOHV�VLPLODU�WR�WKRVH�IRXQG
LQ�FHUWDLQ�DUHDV�RI�WKH�1RUWK�6HD��,Q�DGGLWLRQ�WR�WKH�VHDIORRU�ILHOG�VWXGLHV��ODERUDWRU\�VWXGLHV�GHVLJQHG�WR�SURYLGH
PRUH�LQIRUPDWLRQ�RQ�WR[LFLW\�RI�V\QWKHWLFV�WR�EHQWKLF�RUJDQLVPV�DQG�ELRGHJUDGDWLRQ�UDWHV�XQGHU�*XOI�RI�0H[LFR
VHDIORRU�FRQGLWLRQV�VKRXOG�EH�FRQVLGHUHG�

5XVKLQJ��-�+���0�$��&KXUDQ��DQG�)�9��-RQHV��������%LRDFFXPXODWLRQ�IURP�PLQHUDO�RLO�ZHW�DQG�V\QWKHWLF�OLTXLG�
ZHW�FXWWLQJV�LQ�DQ�HVWXDULQH�ILVK��)XQGXOXV�JUDQGLV��63(��������3DJHV���������,Q��7KH�)LUVW
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG�(QYLURQPHQW��7KH�+DJXH��7KH�1HWKHUODQGV�������
1RYHPEHU�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��7KH�ORQJ�WHUP�HIIHFWV�RI�GLVFKDUJHG�RLO\�GULOO�FXWWLQJV�RQ�QDWLYH�ILVK�SRSXODWLRQV�DUH�RI�PDMRU�FRQFHUQ�
7KLV�VWXG\�LQYHVWLJDWHV�WKH�XSWDNH�RI�RLO�DQG�V\QWKHWLF�OLTXLG�E\�WKH�PXG�PLQQRZ��)XQGXOXV�JUDQGLV��ZKHQ�H[SRVHG�WR
WKUHH�GLIIHUHQW�FRQFHQWUDWLRQV�RI�ORZ�DURPDWLF�PLQHUDO�RLO�ZHW�DQG�V\QWKHWLF�OLTXLG�ZHW�FXWWLQJV�LQ�IORZ�WKURXJK
ELRDVVD\�FKDPEHUV�

)LVK�ZHUH�LQWURGXFHG�LQWR�WKH�IORZ�WKURXJK�ELRDVVD\�V\VWHP�DQG�FXOWXUHG�IRU����GD\V��:DWHU��FXWWLQJV��DQG�ILVK�ZHUH
VDPSOHG�URXWLQHO\�IRU�DQDO\VLV��)LVK�VDPSOHV�ZHUH�GLVVHFWHG��JXW�DQG�WLVVXH�VDPSOHV�ZHUH�DQDO\]HG�VHSDUDWHO\�
)ORZ�WKURXJK�ZDWHU�ZDV�DQDO\]HG�E\�H[WUDFWLQJ�WKH�ZDWHU�VDPSOLQJ�WXEH�DEVRUEHQW��7KH�FXWWLQJV�VDPSOHV�ZHUH
DQDO\]HG�E\�6R[KOHW�H[WUDFWLRQ��)LVK�WLVVXH�DQG�JXW�VDPSOHV�ZHUH�GLJHVWHG�LQ�VRGLXP�K\GUR[LGH�DQG�H[WUDFWHG�ZLWK
HWKHU��7KH�H[WUDFWHG�RUJDQLFV�LQ�DOO�WKH�VDPSOHV�ZHUH�DQDO\]HG�E\�JDV�FKURPDWRJUDSK�PDVV�VSHFWURPHWU\�

*DV�FKURPDWRJUDSK�PDVV�VSHFWURPHWU\�LGHQWLILHG�XSWDNH�RI�WKH�PLQHUDO�RLO�LQ�ILVK�WLVVXH�DQG�JXW�VDPSOHV�IRU�DOO
FXWWLQJV�WUHDWHG�ZLWK�PLQHUDO�RLO�EDVHG�PXG��02%0���1R�XSWDNH�ZDV�PHDVXUHG�LQ�DQ\�RI�WKH�WLVVXH�VDPSOHV�IRU�DOO
FXWWLQJV�WUHDWHG�ZLWK�V\QWKHWLF�OLTXLG�EDVHG�PXG��6%0���$Q�DFFXPXODWLRQ�RI�V\QWKHWLF�OLTXLG�ZDV�RQO\�GHWHFWHG�LQ
RQH�VDPSOH�RI�ILVK�JXW�IURP�WKH�ORZHVW�FRQFHQWUDWLRQ�RI�6%0��7KH�FRQWUDVW�LQ�XSWDNH�EHWZHHQ�WKH�PLQHUDO�RLO�DQG�WKH
V\QWKHWLF�OLTXLG�LV�SHUKDSV�GXH�WR�WKH�JUHDWHU�PROHFXODU�VL]H�RI�WKH�V\QWKHWLF�OLTXLG�RYHU�WKDW�RI�WKH�PLQHUDO�RLO��,W�LV
K\SRWKHVL]HG�WKDW�WKH�JUHDWHU�PROHFXODU�VL]H�RI�WKH�V\QWKHWLF�OLTXLG�UHVWULFWV�XSWDNH�E\�JLOO�DQG�GLJHVWLYH�VWUXFWXUHV�

'XULQJ�WKH�VWXG\��WKHUH�ZDV�OLWWOH�PLJUDWLRQ�RI�HLWKHU�EDVH�IOXLG�IURP�WKH�FXWWLQJV��+\GURFDUERQ�DPRXQWV�LQ�WKH�ZDWHU
VDPSOHV�JHQHUDOO\�GHFUHDVHG�GXULQJ�WKH����GD\�WHVW�SHULRG��$OO�FROOHFWHG�RUJDQLFV�ZHUH�OLEHUDWHG�DV�QHJOLJLEO\
VROXEOH�PLFURGURSOHWV��7HVWV�LQGLFDWHG�QR�VHOHFWLYH�VROXELOLW\�RI�UHOHDVHG�PLFURGURSOHWV�DQG�OLWWOH�LI�DQ\
ELRGHJUDGDWLRQ�IRU�ERWK�6%0�DQG�02%0�

5\H��+���7��1RUGWXJ��$��7RELHVHQ��DQG�$���VWHRU�W��������'ULOOLQJ�DQG�ZHOO�FKHPLFDOV�DQG�WKHLU�HQYLURQPHQWDO
LPSDFWV��$�VXUYH\�RI�DPRXQWV��HFRWR[LFRORJLFDO�SURSHUWLHV��GLVSHUVLRQ�DQG�LPDFWV�LQ�WKH�PDULQH
HQYLURQPHQW��3DSHU�LQ�¦&KHPLVWU\�LQ�WKH�2LO�,QGXVWU\�§��WK�,QWHUQDWLRQDO�6\PSRVLXP��$PEOHVLGH��WKH
/DNH�'LVWULFW��8.��������$SULO��������7KH�5R\DO�6RFLHW\�RI�&KHPLVWU\��8.��/RQGRQ�����SS�

$EVWUDFW���2/)��7KH�1RUZHJLDQ�2LO�,QGXVWU\�$VVRFLDWLRQ��KDV�SHUIRUPHG�D�VXUYH\�RQ�WKH�SRWHQWLDO�IRU�KDUPIXO
HQYLURQPHQWDO�HIIHFWV�FDXVHG�E\�UHOHDVHV�IURP�GULOOLQJ�DQG�ZHOO�RSHUDWLRQV�LQ�WKH�1RUZHJLDQ�FRQWLQHQWDO�VKHOI��7KH
SURMHFW�ZDV�GLYLGHG�LQWR�IRXU�GLIIHUHQW�SDUWV�



���

x� $�VXUYH\�RI�UHOHDVHG�FKHPLFDOV�IURP�WKH�1RUZHJLDQ�RIIVKRUH�LQGXVWU\�GXULQJ�GULOOLQJ�DQG�ZHOO�RSHUDWLRQV
WKURXJK�WKH�\HDUV������DQG�������RQ�D�FRPSRQHQW�OHYHO�

x� $Q�HFRWR[LFRORJLFDO�FKDUDFWHUL]DWLRQ�RI�WKH�PRVW�KDUPIXO�FRPSRXQGV�WKDW�DPRXQWHG�WR�PRUH�WKDQ�����NJ
UHOHDVHG�SHU�\HDU�LQ�WRWDO�WR�WKH�1RUZHJLDQ�FRQWLQHQWDO�VKHOI�

x� $�FDOFXODWLRQ�RI�WKH�GLVSHUVLRQ�DQG�H[SHFWHG�GHSRVLWLRQ�RI�WKH�UHOHDVHV�LQ�WKH�PDULQH�HQYLURQPHQWV�LQ�RUGHU�WR
GHWHUPLQH�WKH�GRZQVWUHDP�GLVWDQFH�WR�WKH�HVWLPDWH�1R�(IIHFW�&RQFHQWUDWLRQ�OHYHO�IRU�YDULRXV�FRPSRXQGV��ERWK
LQ�WKH�IUHH�ZDWHU�PDVVHV�DQG�RQ�WKH�VHD�ERWWRP�

x� $Q�HYDOXDWLRQ�RI�SRVVLEOH��DFXWH�RU�FKURQLF��LPSDFW�RQ�PDULQH�UHVRXUFHV�LQ�WKH�IUHH�ZDWHU�PDVVHV�DQG�RQ�WKH
ERWWRP�IDXQD��EHQWKLF�FRPPXQLW\��IURP�WKH�PRVW�KDUPIXO�FRPSRXQGV��LQFOXGLQJ�GHSRVLWLRQ�RI�EDULWH��

7KH�VWXG\�FRPSULVHV�WKH�UHOHDVHV�RI�

x� :DWHU�EDVHG�GULOOLQJ�IOXLGV��:%0�

x� :DWHU�EDVHG�FXWWLQJV��:%&�

x� 6\QWKHWLF�EDVHG�FXWWLQJV��6%&�

x� :HOO�FKHPLFDOV�

2LO�EDVHG�PXG�DQG�FXWWLQJV��2%0�DQG�2%&��DV�ZHOO�DV�V\QWKHWLF�EDVHG�PXG��6%0��DUH�QRW�DOORZHG�WR�EH�UHOHDVHG
RQ�WKH�1RUZHJLDQ�FRQWLQHQWDO�VKHOI��7KH��2OVR�DQG��3DULV�&RPPLVVLRQ��3$5&20��DQG�263$5&20��KDV�VLQFH
�����UHFRPPHQGHG��LQ�GLIIHUHQW�¦GHFLVLRQV§��WKDW�WKH�XVH�RI�RLO�EDVHG�PXG�VKRXOG�EH�UHGXFHG�RU�DYRLGHG��XQWLO�WKH
VWDQGDUG�RI����J�NJ����SHUFHQW��RI�RLO�FRQWHQW�LQ�FXWWLQJV�LV�DWWDLQHG��7KLV�FULWHULRQ�KDV�EHHQ�LQ�HIIHFW�VLQFH���-DQXDU\
������'HFLVLRQ�������263$5&20�������

5\PHOO��0�&���=�$��6DEHXU��0�2��:LOOLDPV��DQG�'�0��%RUZHOO��������'HYHORSPHQW�DQG�DSSOLFDWLRQ�RI
HQYLURQPHQWDO�PRGHOV�LQ�WKH�DVVHVVPHQW�RI�H[SORUDWRU\�GULOOLQJ�LQ�D�VHQVLWLYH�FRDVWDO�UHJLRQ��,VOH�RI�0DQ�
8.��63(��������3DJHV���������,Q�������63(�8.22$�(XURSHDQ�(QYLURQPHQWDO�&RQIHUHQFH��$EHUGHHQ�
6FRWODQG��������$SULO�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF���5LFKDUGVRQ��7;�

$EVWUDFW��&RQWDPLQDWLRQ�RI�WKH�VHDEHG�E\�GULOOLQJ�RSHUDWLRQ�GLVFKDUJHV�DQG�WKH�SRWHQWLDO�IRU�DFFLGHQWDO�RLO�VSLOODJH
UHPDLQV�D�VLJQLILFDQW�HQYLURQPHQWDO�FRQFHUQ��$�SURMHFW�FRPPLVVLRQHG�E\�(OI�&DOHGRQLD�/WG��KDV�OHG�WR�WKH
GHYHORSPHQW�RI�D�VHULHV�RI�PRGHOV�WKDW�DOORZ�DVVHVVPHQW�RI�WKH�HQYLURQPHQWDO�LPSDFW�RI�FRQWDPLQDQWV�DVVRFLDWHG
ZLWK�RIIVKRUH�GULOOLQJ�DQG�SUHGLFWLRQ�RI�SRVVLEOH�RLO�VSLOO�VFHQDULRV�

7KUHH�HQYLURQPHQWDO�PRGHOOLQJ�V\VWHPV�KDYH�EHHQ�LPSOHPHQWHG��$�FXUUHQW�IORZ�SUHGLFWLRQ�V\VWHP�KDV�EHHQ�VHW�XS�WR
SURYLGH�D�SULPDU\�VRXUFH�RI�GDWD�RQ�WKH�K\GURG\QDPLFV�RI�WKH�UHJLRQ��$Q�RLO�VSLOO�PRGHO�DOORZV�SUHGLFWLRQ�RI�WKH
WUDMHFWRU\�DQG�IDWH�RI�RLO�LQ�WKH�HYHQW�RI�DQ�DFFLGHQWDO�VSLOODJH��7KH�WKLUG�PRGHO�FRQVLGHUV�WKH�GULOOLQJ�PXG�DQG
FXWWLQJV�GLVFKDUJHV�PDGH�GXULQJ�H[SORUDWLRQ��7KH�WKUHH�PRGHOV�XVH�WKH�VDPH�EDVH�VHW�RI�K\GURG\QDPLFV�EDWK\PHWU\
DQG�UXQ�XQGHU�WKH�VDPH�EDVH�*,6�XVHU�LQWHUIDFH�

7KLV�SDSHU�GLVFXVVHV�WKH�GHYHORSPHQW�RI�WKH�YDULRXV�GDWDEDVHV�XQGHUO\LQJ�WKH�PRGHOV��GHYHORSPHQW�RI�WKH�PRGHOV
DQG�WKH�XVH�RI�WKH�PRGHOV�LQ�SODQQLQJ�WKH�GULOOLQJ�SURJUDPPH��'HYHORSPHQW�RI�PRGHOV�IRU�IXWXUH�DSSOLFDWLRQV�LV
GLVFXVVHG�

6DFKH]��*���1��/HRQ��0��(VFODSHV��,��*DOLQGR��$��0DUWLQH]��-��%UX]XDO��DQG�,��6LHJHUW��������(QYLURQPHQWDOO\�VDIH
RLO�EDVHG�IOXLGV�IRU�GULOOLQJ�DFWLYLWLHV��63(��������3DJHV���������,Q�������63(�(3$�([SORUDWLRQ�DQG
3URGXFWLRQ�(QYLURQPHQWDO�&RQIHUHQFH��$XVWLQ��7;�����)HEUXDU\���0DUFK�������6RFLHW\�RI�3HWUROHXP
(QJLQHHUV��,QF��5LFKDUGVRQ��7;�
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$EVWUDFW��'LHVHO�EDVHG�GULOOLQJ�IOXLGV�KDG�EHHQ�ZLGHO\�XVHG�LQ�WKH�SDVW�GXH�WR�LWV�ORZ�SULFH�LQ�WKH�PDUNHW��+RZHYHU��LW
KDV�EHHQ�ZHOO�GRFXPHQWHG�WKH�DGYHUVH�KHDOWK�DQG�HQYLURQPHQWDO�HIIHFWV�RI�GLHVHO�PRVWO\�GXH�WR�WKH�KLJK�DURPDWLF
K\GURFDUERQ�FRQWHQW�ZKLFK�PDNHV�LW�WR[LF��$V�DQ�DOWHUQDWLYH�WR�WKH�XVH�RI�GLHVHO��3'96$�,QWHYHS�KDV�DGGUHVVHG
HIIRUWV�WRZDUG�WKH�GHYHORSPHQW�RI�HQYLURQPHQWDOO\�VDIH�GULOOLQJ�IOXLGV��,Q�WKDW�VHQVH��QHZ�RLO�EDVHG�PXG�IRUPXODWHG
ZLWK�PLQHUDO�RLO���������DURPDWLFV��DQG�SDOP�WUHH�RLO��ZLWKRXW�DURPDWLF���ERWK�SURGXFHG�LQ�9HQH]XHOD��KDYH�EHHQ
XVHG�IRU�GULOOLQJ�RSHUDWLRQ�SXUSRVHV�WR�RYHUFRPH�WKH�HQYLURQPHQWDO�DQG�KHDOWK�ULVNV��7KH�SUHVHQW�ZRUN�HYDOXDWHG
WKH�WR[LF�DQG�ELRGHJUDGDELOLW\�RI�PLQHUDO�DQG�SDOP�WUHH�RLO�EDVH�GULOOLQJ�IOXLGV�FRPSDUHG�WR�WKRVH�IRUPXODWHG�ZLWK
GLHVHO��6WDQGDUG�SURFHGXUHV�ZHUH�SHUIRUPHG�IRU�ERWK�WHVWV��8�6��(3$�SURWRFROV�ZHUH�IROORZHG�IRU�WR[LFLW\�HYDOXDWLRQ
DQG�$�6�7�0��IRU�ELRGHJUDGDELOLW\�WHVWV��%LRGHJUDGDWLRQ�UDWH�RI�GULOOLQJ�FXWWLQJV�LPSUHJQDWHG�ZLWK�WKH�WKUHH�IOXLGV
ZHUH�HVWLPDWHG�LQ�VRLO�SDQV�DW�ODERUDWRU\�VFDOH�WR�GHWHUPLQH�ELRUHPHGLDWLRQ�SURFHVV�RI�WKH�ZDVWH��7KH�UHVXOWV
LQGLFDWH�WKDW�PLQHUDO�DQG�SDOP�WUHH�RLO�EDVHG�IOXLGV�DUH�QRW�WR[LF��/&���!��������SSP��ZKLOH�GLHVHO�ZDV�PRUH�WR[LF
�/&����������SSP���8QGHU�DQDHURELF�FRQGLWLRQV��WKH�SDOP�WUHH�RLO�EDVHG�IOXLG�ZDV�WKH�RQO\�RQH�ELRGHJUDGHG
�!������)URP�WKH�VRLO�SDQ�VWXGLHV��WKH�WKUHH�W\SHV�RI�RLO�LPSUHJQDWHG�FXWWLQJV�FRXOG�EH�ELRUHPHGLDWHG��QHYHUWKHOHVV�
WKH�SDOP�WUHH�RLO�FXWWLQJV�ELRGHJUDGH�LQ�VRLO�FRPSRVW�HYHQ�ZLWKRXW�DHUDWLRQ�

6FKDDQQLQJ��0�7��������7HVW�RQ�'HJUDGDWLRQ�RI�$TXDPXO�%,,�'ULOO�0XG�RQ�&XWWLQJV�XQGHU�6LPXODWHG�6HDEHG
&RQGLWLRQV��1,9$�UDSSRUW�QU������

$EVWUDFW��7KH�ELRGHJUDGDWLRQ�RI�DQ�HWKHU�DQG�HVWHU�6%0�ZDV�FRPSDUHG�ZLWK�D�PLQHUDO�RLO�PXG�LQ�WKH�1,9$�VHPL�
HQFORVHG�H[SHULPHQWDO�FKDPEHUV��7KH�ELRGHJUDGDWLRQ�RI�WKH�HVWHU�ZDV�VLPLODU�WR�RWKHU�VWXGLHV��%LRGHJUDGDWLRQ�RI
WKH�HWKHU�ZDV�VORZ�ZLWK�WKH�KDOI�OLIH�H[FHHGLQJ�����GD\V�DQG�R[\JHQ�FRQVXPSWLRQ�UDWHV�QRW�VLJQLILFDQWO\�GLIIHUHQW
IURP�WKH�PLQHUDO�RLO�

6FKDDQQLQJ��0�7��������(QYLURQPHQWDO�)DWH�RI�6\QWKHWLF�'ULOOLQJ�)OXLGV�IURP�2IIVKRUH�'ULOOLQJ�2SHUDWLRQV�
1,9$�UDSSRUW�QU����������

$EVWUDFW��7KLV�VWXG\�FRPSDUHG�WKH�ELRGHJUDGDWLRQ�RI�WKUHH�6%0�PXG�V\VWHPV��DQ�HVWHU��DQ�HWKHU�DQG�D�3$2��LQ�WKH
1,9$�VHPL�HQFORVHG�H[SHULPHQWDO�FKDPEHUV���6LPLODU�ELRGHJUDGDWLRQ�UDWHV�ZHUH�IRXQG�IRU�WKH�3$2�DQG�HWKHU
IOXLGV��H[FHSW�WKDW�WKH�GHJUDGDWLRQ�RI�WKH�HWKHU�ZDV�FRQVLVWHQW�ZLWK�D����GD\�ODJ�SKDVH�EHIRUH�GHJUDGDWLRQ�ZDV
HYLGHQW���$�KDOI�OLIH�RI�����GD\V�ZDV�FDOFXODWHG�IRU�WKH�3$2�HYHQ�WKRXJK��������RI�WKH�IOXLG�ZDV�SUHVHQW�DW�WKH
HQG�RI�WKH���PRQWK�H[SHULPHQWDO�SHULRG���7KH�WRWDO�ORVV�RI�WKH�HWKHU�ZDV�VLPLODU��KDOI�OLIH� �����GD\V��EXW�WKH�ORVV
E\�ELRGHJUDGDWLRQ�DORQH�ZDV�VORZ��KDOI�OLIH� �����GD\V����3URFHVVHV�RWKHU�WKDQ�ELRGHJUDGDWLRQ�ZHUH�FRQFOXGHG�WR
EH�PRUH�VLJQLILFDQW�IRU�WKH�HWKHU�WKDQ�WKH�RWKHU�WZR�PXGV���7KH�HVWHU�IOXLG�GHJUDGHG�DW�WKH�IDVWHVW�UDWH��KDOI�OLIH� 
���GD\V����+RZHYHU��WKLV�ZDV�DVVRFLDWHG�ZLWK�DQR[LF�FRQGLWLRQV�DV�DQ�DFFXPXODWLRQ�RI�K\GURJHQ�VXOILGH�ZDV
HYLGHQW�LQ�WKH�SRUH�ZDWHUV�

6FKDDQQLQJ��0��7��%DNNH�DQG�-�$��%HUJH������E��(Q�WRWDOYXUGHULQJ�DY�PLOMRNRQVHNYHQVHU�YHG�EUXN�DY�XOLNH
�V\QWHWLVNH�ERUHYDHVNHU�YHG�OHWHERULQJ�RJ�SURGXNVMRQVERULQJ��1,9$�5DSSRUW�/15���������

$EVWUDFW��7KLV�UHSRUW�VXPPDUL]HG�WKH�UHVXOWV�RI�PDQ\�RI�WKH�ELRGHJUDGDWLRQ�VWXGLHV�RQ�6%0V�XQGHUWDNHQ�DW�1,9$�
7KH�FRPSDULVRQ�VKRZHG�WKDW��IRU�DOO�6%0�W\SHV�WHVWHG��H�J��HWKHU��3$2��HVWHU��LQWHUQDO�ROHILQ��OLQHDU�ROHILQ���UDWH�RI
ELRGHJUDGDWLRQ�ZDV�SURSRUWLRQDO�WR�WKH�LQLWLDO�FRQFHQWUDWLRQ�RI�PXG�LQ�VHGLPHQW�

7KH�UHSRUW�SURYLGHG�IXUWKHU�HYLGHQFH�IRU�D����GD\�ODJ�SKDVH�LQ�WKH�GHJUDGDWLRQ�RI�HWKHU�6%0�LQ�VHGLPHQW���)XUWKHU
DQDO\VLV�DOVR�GHPRQVWUDWHG�WKH�KLJKHU�VHGLPHQW�R[\JHQ�FRQVXPSWLRQ�DQG�VXEVHTXHQW�UHGXFWLRQ�LQ�VHGLPHQW�UHGR[
SRWHQWLDO�DVVRFLDWHG�ZLWK�WKH�UDSLG�GHJUDGDWLRQ�RI�HVWHU�6%0�LQ�VHGLPHQWV�FRPSDUHG�WR�RWKHU�6%0�W\SHV�

7KH�SDSHU�DOVR�UHYLHZHG�GDWD�IURP�ILHOG�VWXGLHV�LQ�WKH�1RUZHJLDQ�VHFWRU�RI�WKH�1RUWK�6HD�E\�DQDO\]LQJ
FRQFHQWUDWLRQV�RI�PXG�LQ�VHGLPHQWV�QRUPDOL]HG�WR�EDULXP�FRQFHQWUDWLRQ�LQ�RUGHU�WR�VHSDUDWH�ELRGHJUDGDWLRQ�IURP
RWKHU�ORVVHV�VXFK�DV�UHVXVSHQVLRQ�DQG�VHGLPHQW�PRYHPHQW���7KHVH�GDWD�VKRZHG�WKDW�HVWHUV�ELRGHJUDGHG�ZLWKLQ��
\HDU�RI�GLVFKDUJH�ZKHUHDV�WKHUH�ZDV�OLWWOH�ELRGHJUDGDWLRQ�RI�HWKHU�XQWLO���\HDUV�DIWHU�GULOOLQJ�



���

6FKDDQQLQJ��0���.��+\OODQG��5��/LFKWHQWKDOHU��DQG�%��5\JJ��������%LRGHJUDGDWLRQ�RI�$QFR�*UHHQ�DQG
1RYDSOXV�GULOOLQJ�PXGV�RQ�FXWWLQJV�GHSRVLWHG�LQ�EHQWKLF�FKDPEHUV��5HSRUW�612����������1RUZHJLDQ
,QVWLWXWH�IRU�:DWHU�5HVHDUFK��2VOR��1RUZD\�����3DJHV�SOXV�DSSHQGL[�

$EVWUDFW��'LVFKDUJH�RI�GULOOLQJ�IOXLGV�DWWDFKHG�WR�ERUH�KROH�FXWWLQJV�PD\�DIIHFW�WKH�EHQWKLF�HQYLURQPHQW�RI�WKH
GHSRVLWLRQ�VLWHV�LQ�WKH�1RUWK�6HD��7KH�HIIHFWV�PD\�YDU\�DFFRUGLQJ�WR�GRVH�DQG�SURSHUWLHV�RI�WKH�EDVH�IOXLG�DQG�RWKHU
FRPSRQHQWV�RI�WKH�PXG�UHFLSH��,Q�WKH�SUHVHQW�VWXG\��ELRGHJUDGDWLRQ�DQG�HQYLURQPHQWDO�HIIHFWV�RI�WZR�QHZ�GULOOLQJ
PXGV��$QFR�*UHHQ��%DVHG�RQ�DQ�HVWHU�SURGXFHG�IURP�ILVK�RLO�IDWW\�DFLGV��DQG�1RYDSOXV��EDVHG�RQ�D�OLQHDU�ROHILQ��
ZDV�LQYHVWLJDWHG�LQ�D�VL[�PRQWKV�VLPXODWHG�VHDEHG�H[SHULPHQW�SHUIRUPHG�LQ�EHQWKLF�FKDPEHUV�DW�0DULQH�5HVHDUFK
6WDWLRQ�6ROEHUJVWUDQG��([SRQHQWLDO�UHJUHVVLRQ�DQDO\VHV�\LHOGHG�WKH�IROORZLQJ�UDQN�RI�KDOI�OLYHV��$QFR�*UHHQ
�3HWURIUHH��UHIHUHQFH�HVWHU����8OWLGULOO��UHIHUHQFH�ROHILQ����1RYDSOXV���6DIHPXO��UHIHUHQFH�PLQHUDO�RLO����(IIHFWV�RI
WKH�HVWHU�EDVHG�FXWWLQJV�RQ�UHGR[�SRWHQWLDOV�DQG�PDFUREHQWKLF�FRPPXQLWLHV�ZHUH�PRUH�VHYHUH�WKDQ�WKH�HIIHFWV�RI
ROHILQ�EDVHG�FXWWLQJV��7KH�PRVW�VHYHUH�HIIHFWV�ZHUH�REVHUYHG�LQ�WKH�3HWURIUHH�WUHDWPHQW��$OO�FKDPEHUV�WUHDWHG�ZLWK
ROHILQ�FXWWLQJV�RU�ORZ�RUJDQLF�FRQWURO�VHGLPHQW��PDLQWDLQHG�GLYHUVH�EHQWKLF�FRPPXQLWLHV�FODVVLILHG�E\�WKH�HQG�RI�WKH
VL[�PRQWKV�HQFORVXUH��DV�JRRG�RU�IDLU�DFFRUGLQJ�WR�JHQHUDO�FULWHULD�IRU�IMRUG�DQG�FRDVWDO�HQYLURQPHQWV�
&RQFHQWUDWLRQV�RI�GULOOLQJ�IOXLGV��EDULXP�DQG�WZR�ELRPDUNHU�HQ]\PHV�ZHUH�PHDVXUHG�LQ�WKH�SRO\FKDHWH�+HGLVWH
GLYHUVLFRORU�DIWHU�VL[�PRQWKV�H[SRVXUH�LQ�WKH�FKDPEHUV��6HYHUDO�LQGLFDWLRQV�ZHUH�IRXQG�RQ�ELRDFFXPXODWLRQ�RI
ROHILQV�DQG�PLQHUDO�RLO��'LIIHUHQW�OHYHOV�RI�HQ]\PH�DFWLYLWLHV�EHWZHHQ�FRQWURO�DQG�WUHDWHG�FKDPEHUV��VKRZHG�WKDW�WKH
SRO\FKDHWH�KDG�EHHQ�DIIHFWHG�E\�FRPSRQHQWV�SUHVHQW�LQ�VRPH�RI�WKH�FXWWLQJV�

7KH�HVWHU�PXG�VKRZHG�UDSLG�GHJUDGDWLRQ�ZLWK�KDOI�OLYHV�RI�EHWZHHQ������DQG������GD\V��FRPSDUDEOH�ZLWK�VWXGLHV�RI
RWKHU�HVWHU�PXGV��'HJUDGDWLRQ�RI�WKH�LQWHUQDO�ROHILQ�PXG�ZDV�VORZHU�WKDQ�WKH�OLQHDU�ROHILQ��KDOI�OLYHV�RI����DQG����
���GD\V��UHVSHFWLYHO\��EXW�IDVWHU�WKDQ�WKH�PLQHUDO�RLO��KDOI�OLIH�RI�����GD\V����+RZHYHU��QRQH�RI�WKH�WHVWV�VKRZHG
FRPSOHWH�GLVDSSHDUDQFH�RI�WKH�ROHILQ�PXGV�DQG�WKH�DSSDUHQW�ORZ�DYDLODELOLW\�RI�ROHILQV�WR�VXOIDWH�UHGXFLQJ�EDFWHULD
PD\�VORZ�GRZQ�ELRGHJUDGDWLRQ�RI�EXULHG�ROHILQV�

6FKDDQQLQJ��0�7��DQG�/DDNH��0��������7HVW�RQ�'HJUDGDWLRQ�RI�1RYDGULO�GULOO�PXG�RQ�FXWWLQJV�XQGHU�VLPXODWHG
VHDEHG�FRQGLWLRQV��1,9$�UDSSRUW�QU�������

$EVWUDFW���7KH�ELRGHJUDGDWLRQ�RI�D�3$2�PXG�ZDV�H[DPLQHG�ZLWKLQ�WKH�1,9$�VHPL�HQFORVHG�H[SHULPHQWDO�FKDPEHUV�
7KH�ELRGHJUDGDWLRQ�RI�WKH�3$2�ZDV�IRXQG�WR�EH�VORZ���7KH�KDOI�OLIH�ZDV�����GD\V�DW�WKH�ORZHU�LQLWLDO�FRQFHQWUDWLRQ
�����PJ�FP�����$W�D�KLJKHU�FRQFHQWUDWLRQ�������PJ�FP���WKHUH�ZDV�OLWWOH�HYLGHQFH�RI�ELRGHJUDGDWLRQ���2[\JHQ
FRQVXPSWLRQ�UDWHV�IRU�WKH�3$2�GLG�QRW�GLIIHU�VLJQLILFDQWO\�IURP�WKRVH�IRXQG�IRU�PLQHUDO�RLO�

6FKDDQQLQJ��0���5��/LFKWHQKDOHU��DQG�%��5\JJ��������%LRGHJUDGDWLRQ�RI�HVWHUV�DQG�ROHILQV�LQ�GULOOLQJ�PXG
�GHSRVLWHG�RQ�$UFWLF�VRIW�ERWWRP�FRPPXQLWLHV�LQ�D�ORZ�WHPSHUDWXUH�PHVRFRVP��5HSRUW�612���������
1RUZHJLDQ�,QVWLWXWH�IRU�:DWHU�5HVHDUFK��2VOR��1RUZD\�����3DJHV�SOXV�DSSHQGLFHV�

$EVWUDFW��'LVFKDUJH�RI�FKHPLFDOV�IURP�RIIVKRUH�GULOOLQJ�RSHUDWLRQV�UHSUHVHQWV�D�PDWWHU�RI�FRQFHUQ�IRU�WKH�RLO
LQGXVWU\�DQG�SROOXWLRQ�FRQWURO�DXWKRULWLHV�ZRUOGZLGH��$V�WKH�LQGXVWU\�H[SDQGV�WRZDUGV�KLJKHU�ODWLWXGHV�DQG�JUHDWHU
GHSWKV��PXG�FKHPLFDOV�DWWDFKHG�WR�ERUH�KROH�FXWWLQJV�PD\�EHFRPH�GHSRVLWHG�RQ�VHGLPHQWV�ZLWK�DPELHQW
WHPSHUDWXUHV�EHORZ���&��,Q�RUGHU�WR�DVVHVV�WKH�IDWH�RI�WKH�PRVW�UHFHQWO\�GHYHORSHG�HVWHU��DQG�ROHILQ�EDVHG�FKHPLFDOV
XQGHU�VXFK�FRQGLWLRQV��D�FRPSDUDWLYH�VWXG\�ZDV�SHUIRUPHG�LQ�WKH�VRIW�ERWWRP�ODERUDWRU\�DW�0DULQH�5HVHDUFK�6WDWLRQ
6ROEHUJVWUDQG�RQ�VHGLPHQW�FRPPXQLWLHV�WUDQVIHUUHG�IURP�$UFWLF�DQG�WHPSHUDWH�GHHS�IMRUG�ORFDWLRQV��7KH�VHGLPHQWV
ZHUH�LQLWLDOO\�WUHDWHG�ZLWK�IRXU�OHYHOV�RI�FXWWLQJV��]HUR���������DQG�����PJ��DQG�PDLQWDLQHG�DW�VLPXODWHG�VHDEHG
FRQGLWLRQV�DW������DQG���&��%LRGHJUDGDWLRQ�DQG�HIIHFWV�RQ�WKH�VHGLPHQW�HQYLURQPHQW�ZHUH�DVVHVVHG�IURP
REVHUYDWLRQV�RI�FRQFHQWUDWLRQ�FKDQJH�RI�RUJDQLF�SKDVH�DQG�EDULXP�LQ�WKH�VHGLPHQW��R[\JHQ�FRQVXPSWLRQ�UDWHV�
UHGR[�SRWHQWLDOV�DQG�WKH�PDFUREHQWKLF�FRPPXQLW\�VWUXFWXUH��'XULQJ�WKH�WKUHH�PRQWKV�H[SHULPHQWDO�SHULRG�
LQFUHDVLQJ�UDWHV�RI�R[\JHQ�FRQVXPSWLRQ�LQ�WKH�$UFWLF�FRPPXQLWLHV�VKRZHG�DGDSWDWLRQ�WR�GHJUDGDWLRQ�RI�WKH
FKHPLFDOV�DW�UDWHV�QR�OHVV�WKDQ�WKRVH�REVHUYHG�LQ�WKH�2OVRIMRUG�FRPPXQLWLHV��7KH�$UFWLF�FRPPXQLWLHV�DSSHDUHG�
KRZHYHU��PRUH�VHQVLWLYH�WR�VXOSKLGH�WR[LFLW\�SURGXFHG�LQ�KLJK�GRVH�HVWHU�WUHDWPHQWV��DQG�QR�HYLGHQFH�ZDV�IRXQG�WR
VXSSRUW�WKH�K\SRWKHVLV�WKDW�EHWWHU�DYDLODELOLW\�WR�DQR[LF�GHJUDGHUV�ZRXOG�\LHOG�VKRUWHU�VHD�EHG�UHPHGLDWLRQ�WLPHV�RI
DUHDV�FRQWDPLQDWHG�ZLWK�HVWHUV�DV�FRPSDUHG�WR�DUHDV�FRQWDPLQDWHG�ZLWK�&���&���ROHILQV�



���

6ODWHU��0���0�+��+LOOH��DQG�$��0ROYHUVP\U��������&RPPRQO\�XVHG�ELRGHJUDGDWLRQ�WHFKQLTXHV�IRU�GULOOLQJ�IOXLG
FKHPLFDOV��DUH�WKH\�DSSURSULDWH"�63(�,$'&��������3DJHV���������,Q�������63(�,$'&�'ULOOLQJ
&RQIHUHQFH��$PVWHUGDP�����)HEUXDU\���0DUFK�������63(�,$'&�'ULOOLQJ�&RQIHUHQFH��5LFKDUGVRQ�
7;�

$EVWUDFW��,Q�RUGHU�WR�DVVHVV�WKH�VXLWDELOLW\�RI�FRPPRQO\�XVHG�ELRGHJUDGDWLRQ�WHFKQLTXHV�WR�VLPXODWH�WKH
HQYLURQPHQWDO�EHKDYLRXU�RI�SVHXGR�RLO�EDVHG�IOXLGV�LQ�WKH�VHD��D�FRPSUHKHQVLYH�VWXG\�KDV�EHHQ�FRQGXFWHG��0RUH
WKDQ����ELRGHJUDGDWLRQ�H[SHULPHQWV��XVLQJ�GLIIHUHQW�WHFKQLTXHV��KDYH�EHHQ�SHUIRUPHG�RQ�RQH�SDUWLFXODU�V\QWKHWLF
EDVH�IOXLG��DQ�DFHWDO���7KH�UHVXOWV�DUH�FRPSDUHG�WR�ODUJH�VFDOH�VLPXODWLRQ�WHVWV�DQG�D�VHDEHG�VXUYH\�LQ�DQ�DWWHPSW�WR
LGHQWLI\�WKH�ELRGHJUDGDWLRQ�PHWKRG�WKDW�PRVW�FORVHO\�UHVHPEOHV�WKH�QDWXUDO�ELRGHJUDGDWLRQ�SURFHVV��$FHWDO��SRO\
DOSKD�ROHILQ��DQG�HVWHU�KDYH�DFXWH�WR[LFLWLHV�LQ�ZDWHU�FROXPQ�WHVWV�ZLWK�EDUQDFOHV�RI����������!��������DQG���������
UHVSHFWLYHO\��6HYHUDO�ELRGHJUDGDELOLW\�WHVWV�ZHUH�SHUIRUPHG�RQ�WKH�DFHWDO�DQG�SURGXFHG�GHJUDGDWLRQ�UDWHV�EHWZHHQ��
SHUFHQW�DQG����SHUFHQW��$�VLPXODWHG�VHDEHG�VWXG\�E\�1,9$��1RUZD\��VKRZHG�ORVV�RI�DFHWDO�YDU\LQJ�IURP����WR���
SHUFHQW�DIWHU���PRQWKV��)UHVKZDWHU�VLPXODWLRQ�VWXGLHV�VHHP�WR�SURGXFH�UHVXOWV�VLPLODU�WR�WKRVH�IRU�ILHOG�VWXGLHV�

6WDJJ��5�0���%��&URFH��$�'��0F,QWRVK��&��0RIIDW��DQG�6��+LUG��������%LRGHJUDGDWLRQ�RI�EDVH�RLOV�XVHG�LQ
V\QWKHWLF�GULOOLQJ�PXGV�LQ�DQ�H[SHULPHQWDO�VROLG�SKDVH�VHGLPHQW�V\VWHP��)LVKHULHV�5HVHDUFK�6HUYLFHV
5HSRUW�1R�������6FRWWLVK�2IILFH�$JULFXOWXUH��(QYLURQPHQW�DQG�)LVKHULHV�'HSDUWPHQW��0DULQH
/DERUDWRU\��$EHUGHHQ�����SS�

$EVWUDFW��7KH�UHVXOWV�DUH�GHVFULEHG�RI�D�WULDO�GHVLJQHG�WR�HYDOXDWH�WKH�SHUIRUPDQFH�RI�D�VROLG�SKDVH�ELRGHJUDGDWLRQ
WHVW�VHW�XS�WR�DVVHVV�WKH�IDWH�LQ�PDULQH�VHGLPHQWV�RI�EDVH�RLOV�XVHG�LQ�V\QWKHWLF�GULOOLQJ�PXGV��60V��XVHG�IRU�GULOOLQJ
RIIVKRUH�ZHOOV��7KH�WHVW�ZDV�LQWHQGHG�WR�SURYLGH�FRQGLWLRQV�IRU�GHJUDGDWLRQ�WKDW�PRUH�FORVHO\�SDUDOOHOHG�WKRVH�WKDW
ZRXOG�EH�HQFRXQWHUHG�LQ�WKH�PDULQH�HQYLURQPHQW��ZLWK�SDUWLFXODU�UHVSHFW�WR�WHPSHUDWXUH��PLFURELDO�IORUD�DQG
DQDHURELF�FKDUDFWHULVWLFV�

7KH�PHWKRG�ZDV�HYDOXDWHG�E\�GHWHUPLQLQJ�WKH�HIIHFWV�RQ�ELRGHJUDGDWLRQ�RI�WKH�IROORZLQJ�IDFWRUV�

x� 6\QWKHWLF�RLO�W\SH��7ZR�GLIIHUHQW�60�EDVH�RLOV�ZHUH�XVHG�LQ�WKH�VWXG\��DQ�HVWHU�W\SH�DQG�D�EOHQG�RI�Q�
DONDQHV��SRO\�DOSKD�ROHILQ��DQG�OLQHDU�DOSKD�ROHILQ�

x� 2LO�FRQFHQWUDWLRQ��7KH�RLOV�ZHUH�PL[HG�ZLWK�WKH�VHGLPHQWV�WR�JLYH�FRQFHQWUDWLRQV�RI�����������DQG������
SSP��7KHVH�ZHUH�VHOHFWHG�EHFDXVH�VXFK�FRQFHQWUDWLRQV�KDYH�EHHQ�GHWHUPLQHG�LQ�DQG�DURXQG�PLQHUDO�RLO
FXWWLQJV�SLOHV�

x� 6HGLPHQW�W\SH��$�VDQG��D�PXG��DQG�D�����VDQG�PXG�PL[WXUH�ZHUH�FKRVHQ�WR�SURYLGH�D�UDQJH�RI�SDUWLFOH�VL]H
YDULDQFH�

6XLWDEOH�FRQWURO�WUHDWPHQWV�IRU�WKH�H[SHULPHQW�ZHUH�DOVR�LQYHVWLJDWHG�ZLWK�WKH�XVH�RI�ROLYH�RLO�WUHDWHG�VHGLPHQWV
DV�SRVLWLYH�FRQWUROV�DQG�PHUFXULF�FKORULGH�WUHDWHG�VHGLPHQWV�WR�SURYLGH�D�PHDVXUH�RI�DELRWLF�ORVVHV�IURP�WKH
V\VWHP��7KH�SDUDPHWHUV�PHDVXUHG�LQFOXGHG��WKH�DPRXQW�RI�60�EDVH�RLO�UHPDLQLQJ�LQ�WKH�VHGLPHQW�DW�WKH�VWDWHG
VDPSOLQJ�WLPHV��XVLQJ�JDV�FKURPDWRJUDSK\�ZLWK�IODPH�LRQL]DWLRQ�GHWHFWLRQ���WKH�R[LGDWLRQ�UHGXFWLRQ�SRWHQWLDO�RI
WKH�VHGLPHQWV��WKH�R[\JHQ�FRQVXPSWLRQ�RI�VHOHFWHG�VHGLPHQWV��DQG�SRSXODWLRQ�RI�PLFUREHV�LQ�WKH�VHGLPHQWV�

7KH�WHVW�ZDV�DEOH�WR�UHSURGXFLEO\�GLVWLQJXLVK�EHWZHHQ�HDVLO\�ELRGHJUDGDEOH�DQG�SRRU�ELRGHJUDGDEOH�RLOV��,Q�WKLV
V\VWHP��SULPDU\�ELRGHJUDGDWLRQ�UDWHV�IRU�WKH�HVWHU�ZHUH�IDVWHU�WKDQ�IRU�WKH�Q�DONDQH�DONHQH��+RZHYHU��WKH�UDSLG
PHWDEROLVP�RI�WKH�HVWHU�UHVXOWHG�LQ�D�GHSOHWLRQ�RI�R[\JHQ��D�GURS�LQ�WKH�UHGR[�SRWHQWLDO�DQG�WKH�RFFXUUHQFH�RI
VXOSKLGH�HYHQWV�LQ�WKH�VHGLPHQWV�

,Q�����VDQG�PXG�PL[WXUHV��WKH�UDWHV�RI�SULPDU\�ELRGHJUDGDWLRQ�RI�WKH�HVWHU�ZHUH�QRW�VLJQLILFDQWO\�GLIIHUHQW�ZKHQ
WKH�GRVLQJ�FRQFHQWUDWLRQV�ZHUH�����DQG�����SSP��PHDQ�UDWH����SSP�G����KDOI�OLIH����G��EXW�WKH�UDWH�RI
GHJUDGDWLRQ�VLJQLILFDQWO\�LQFUHDVHG�LQ�VHGLPHQWV�GRVHG�ZLWK�������SSP�HVWHU��UDWH����SSP�G����KDOI�OLIH����G��
$OWKRXJK�QRW�VWDWLVWLFDOO\�VLJQLILFDQW��WKH�VDPH�HIIHFW�ZDV�VHHQ�IRU�WKH�EOHQGHG�RLO�ZKLFK��DW�����DQG�����SSP�
KDG�D�PHDQ�SULPDU\�ELRGHJUDGDWLRQ�UDWH�RI���SSP�G����DQG�D�KDOI�OLIH�RI�����G��WKLV�UDWH�LQFUHDVHG�WR����SSP�G��

ZLWK�D�KDOI�OLIH�RI�����G�ZKHQ�WKH�FRQFHQWUDWLRQ�ZDV�LQFUHDVHG�WR�������SSP��%LRGHJUDGDWLRQ�RI�WKH�HVWHU�ZDV

-



���

VLJQLILFDQWO\�VORZHU�LQ�VDQG�DV�FRPSDUHG�WR�PXG��1R�PHDVXUDEOH�ELRGHJUDGDWLRQ�RI�WKH�EOHQGHG�RLO�WRRN�SODFH�LQ
WKH�VDQG�WUHDWPHQWV�

2OLYH�RLO�VWLPXODWHG�D�KLJK�GHJUHH�RI�PLFURELDO�DFWLYLW\�LQ�WKH�VHGLPHQWV�WKDW�PDGH�LW�VXLWDEOH�DV�D�UHIHUHQFH
FRPSRXQG�IRU�WKLV�WHVW�V\VWHP��6HGLPHQWV��SRLVRQHG��ZLWK�PHUFXULF�FKORULGH�VKRZHG�VLPLODU�ORVVHV�RI�WHVW�RLOV
DIWHU�D����G�LQFXEDWLRQ�WR�WKRVH�GHWHUPLQHG�LQ�WKHLU�XQSRLVRQHG�FRXQWHUSDUWV��7KLV�ZDV�WKRXJKW�WR�EH�FDXVHG�E\
VHGLPHQW�ELQGLQJ�HIIHFWV�GHFUHDVLQJ�WKH�HIIHFWLYH�WR[LFLW\�RI�WKH�PHUFXULF�FKORULGH�ZKLFK�GLG�QRW�SURYLGH�WKH
DELRWLF�FRQGLWLRQV�LQWHQGHG�

6WHEHU��-���&��3��+HUROG��+��.*D$��DQG�-�0��/LPLD��������6ROYLQJ�IOXLG�ELRGHJUD�GDWLRQ�LQ�VHDEHG�GULOO�FXWWLQJV
SLOH��2IIVKRUH��������

$EVWUDFW��7KH�(XURSHDQ�&HQWUH�IRU�(FRWR[LFRORJ\�DQG�7R[LFRORJ\�RI�&KHPLFDOV��(&(72&��VFUHHQLQJ�WHVW�ZDV�XVHG
WR�HYDOXDWH�WKH�ELRGHJUDGDELOLW\�RI�VHYHUDO�EDVH�RLOV�IRU�GULOOLQJ�PXGV��$ON\OEHQ]HQHV�ZHUH�QRW�ELRGHJUDGHG��)DWW\
DFLG�HVWHUV��ROH\O�DOFRKRO��DQG���HWK\O�KH[DQRO�PXGV�ZHUH�GHJUDGHG�E\����WR����SHUFHQW�XQGHU�DQDHURELF�FRQGLWLRQV�
0LQHUDO�RLOV��GL�RFW\O�HWKHU��GL�KH[DGHF\O�HWKHU��DQG�SRO\DOSKD�ROHILQ�PXGV�GHJUDGHG�VORZO\�E\�����WR����SHUFHQW
GXULQJ�WKH�WHVW�

6WHEHU��-���&��3��+HUROG��DQG�-�0��/LPLD��������&RPSDUDWLYH�HYDOXDWLRQ�RI�DQDHURELF�ELRGHJUDGDELOLW\�RI
K\GURFDUERQV�DQG�IDWW\�GHULYDWLYHV�FXUUHQWO\�XVHG�DV�GULOOLQJ�IOXLGV��&KHPRVSKHUH������������������

$EVWUDFW��7KH�H[DPLQDWLRQ�RI�D�QXPEHU�RI�SRWHQWLDO�DQG�FXUUHQWO\�XVHG�FDUULHU�IOXLGV�IRU�LQYHUW�HPXOVLRQ�GULOOLQJ
IOXLGV�LQ�WKH�(&(72&�VFUHHQLQJ�WHVW�UHYHDOHG�FOHDU�GLIIHUHQFHV�ZLWK�UHVSHFW�WR�WKHLU�HDV\�DQDHURELF
ELRGHJUDGDELOLW\��)DWW\�DFLG��DQG�DOFRKRO�EDVHG�HVWHU�RLOV�H[KLELWHG�H[FHOOHQW�DQDHURELF�GHJUDGDWLRQ�WR�WKH�JDVHRXV
ILQDO�HQG�SURGXFWV�RI�WKH�PHWKDQRJHQLF�GHJUDGDWLRQ�SDWKZD\��PHWKDQH�DQG�FDUERQ�GLR[LGH��0LQHUDO�RLOV��GLDON\O

$OWKRXJK�WKH�SRRU�GHJUDGDWLRQ�UHVXOWV�REWDLQHG�LQ�WKH�VWULQJHQW�(&(72&�VFUHHQLQJ�WHVW�PD\�QRW�EH�UHJDUGHG�DV
ILQDO�SURRI�RI�DQDHURELF�UHFDOFLWUDQFH��QHYHUWKHOHVV��WKHVH�UHVXOWV�ZHUH�IRXQG�WR�EH�LQ�OLQH�ZLWK�WKH�SUHVHQW
XQGHUVWDQGLQJ�RI�WKH�VWUXFWXUDO�UHTXLUHPHQWV�IRU�DQDHURELF�ELRGHJUDGDELOLW\�RI�FKHPLFDOV��7KH�YDOLGLW\�RI�WKH
FRQFOXVLRQV�GUDZQ�LV�FRUURERUDWHG�E\�SXEOLVKHG�UHVXOWV�RQ�WKH�DQDHURELF�ELRGHJUDGDWLRQ�EHKDYLRXU�RI�HVWHU�RLOV�
PLQHUDO�RLOV�DQG�DON\OEHQ]HQHV�LQ�PDULQH�VHGLPHQWV�

6WLOO��,��DQG�-��&DQGOHU��������%HQWKLF�WR[LFLW\�WHVWLQJ�RI�RLO�EDVHG�DQG�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��(LJKWK
,QWHUQDWLRQDO�6\PSRVLXP�RQ�7R[LFLW\�$VVHVVPHQW��3HUWK��$XVWUDOLD��������0D\��������&LWHG�LQ�(3$�
������

$EVWUDFW��$�WZR�SKDVH�VHGLPHQW�WR[LFLW\�VWXG\�ZDV�SHUIRUPHG�WR�H[DPLQH�DSSOLFDELOLW\�RI�HVWDEOLVKHG�VHGLPHQW
WR[LFLW\�WHVW�PHWKRGV�IRU�V\QWKHWLF�EDVH�IOXLGV��6%)V���'XULQJ�3KDVH�,��WKH�PDULQH�DPSKLSRG�$PSHOLVFD�DEGLGD�ZDV
WHVWHG�ZLWK�RQH�GULOOLQJ�IOXLG�IRUPXODWLRQ�GRVHG�LQGLYLGXDOO\�ZLWK�WKH�IROORZLQJ�ILYH�EDVH�IOXLGV��D�GLHVHO�RLO��'2���DQ
HQKDQFHG�PLQHUDO�RLO��(02���D�OLQHDU�SDUDIILQ��/3���DQG�LQWHUQDO�ROHILQ��,2���DQG�D�SRO\�DOSKD�ROHILQ��3$2���5DQJH
ILQGHU�WHVWV�ZHUH�SHUIRUPHG�ZLWK�WHVW�FRQFHQWUDWLRQV�RI�������DQG��������PJ�NJ��7KH�UDQNLQJ�RI�UHODWLYH�WR[LFLW\�ZDV
3$2!,2!/3�DW�������PJ�NJ�DQG�/3!3$2!,2�DW��������PJ�NJ��,Q�3KDVH�,,��WR[LFLW\�WHVWV�ZHUH�SHUIRUPHG�ZLWK
IRXU�VSHFLHV�RI�PDULQH�DPSKLSRGV��7KH�UHVSRQVH�RI�HDFK�VSHFLHV�ZDV�GLIIHUHQW�

x� $PSHOLVFD�DEGLGD�¤�(02������PJ�NJ�!'2������PJ�NJ�!,2��������PJ�NJ�!3$2���������PJ�NJ�

x� &RURSKLXP�YROXWDWRU�¤�'2������PJ�NJ�!(02��������PJ�NJ�!,2��!�������PJ�NJ�!3$2��!�������PJ�NJ�

x� 5KHSRV\QLXV�DEURQLXV�¤�'2������PJ�NJ�!(02������PJ�NJ�!,2������PJ�NJ�!3$2������PJ�NJ�

x� /HSWRFKHLUXV�SOXPXORVXV�¤�(02������PJ�NJ�!'2������PJ�NJ�!,2��������PJ�NJ�!3$2��������PJ�NJ��

6WRU\��-��DQG�%��/HH���$PRFR�&RUSRUDWLRQ���������6ROLG�SKDVH�H[WUDFWLRQ��63(��PHWKRG�IRU�GHWHUPLQDWLRQ�RI�FUXGH
RLO�FRQWDPLQDWLRQ�LQ�GULOOLQJ�IOXLGV��D�ILHOG�PHWKRG��'UDIW�UHSRUW����SS�

ethers, • -olefins, polyalphaolefins, linear alkylbenzenes and an acetal-derivative were not or only slowly degraded 



���

$EVWUDFW��7KLV�LV�D�GUDIW�SURWRFRO�IRU�GHWHFWLRQ�RI�SHWUROHXP�LQ�6%0�E\�VROLG�SKDVH�H[WUDFWLRQ�ZLWK�TXDQWLILFDWLRQ�E\
IOXRUHVFHQFH��7KH�OLTXLG�SKDVH�RI�D�6%0�LV�DSSOLHG�WR�DQ�DFWLYH�VLOLFD�FROXPQ�DQG�HOXWHG�ZLWK�D�07%(�VROYHQW��7KH
FROXPQ�LV�YLHZHG�XQGHU�89�OLJKW�DQG�WKH�IOXRUHVFLQJ�DURPDWLF�K\GURFDUERQV�DUH�YLVXDOL]HG�DQG�FRPSDUHG�WR
VWDQGDUGV�

7HUUHQV��*�:���'��*Z\WKHU��0�-��.HRXJK��DQG�5�'��7DLW��������(QYLURQPHQWDO�DVVHVVPHQW�RI�V\QWKHWLF�EDVHG
GULOOLQJ�PXG�GLVFKDUJHV�WR�%DVV�6WUDLW��$XVWUDOLD��63(��������3DJHV������,Q�������63(�,QWHUQDWLRQDO
&RQIHUHQFH�RQ�+HDOWK��6DIHW\�DQG�(QYLURQPHQW�LQ�2LO�DQG�*DV�([SORUDWLRQ�DQG�3URGXFWLRQ��&DUDFDV�
9HQH]XHOD�������-XQH�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��(VVR�$XVWUDOLD�/WG���(VVR��RQ�EHKDOI�RI�WKH�(VVR�%+3�MRLQW�YHQWXUH�XQGHUWDNHV�H[SORUDWLRQ�DQG
GHYHORSPHQW�GULOOLQJ�DFWLYLWLHV�WR�SURGXFH�RLO�DQG�JDV�IURP�WKH�*LSSVODQG�%DVLQ�LQ�HDVWHUQ�%DVV�6WUDLW��$V�SDUW�RI�WKH
HQYLURQPHQWDO�PDQDJHPHQW�RI�WKH�RSHUDWLRQ��D�ILHOG�PRQLWRULQJ�SURJUDP�ZDV�XQGHUWDNHQ�WR�YHULI\�WKH�SUHGLFWHG
OLPLWHG�HIIHFW�RQ�WKH�VHDEHG�RI�WKH�GLVFKDUJH�RI�UHVLGXDO�V\QWKHWLF�EDVHG�PXG��6%0��DGKHUHG�WR�GULOO�FXWWLQJV�

(VVR
V�VWDQGDUG�GULOOLQJ�IOXLG�LQ�%DVV�6WUDLW�LV�DQ�HQYLURQPHQWDOO\�DFFHSWDEOH�ZDWHU�EDVHG�PXG��:%0���+RZHYHU�
GXH�WR�WKH�KLJK�IULFWLRQDO�IRUFHV�LQYROYHG�WKH�JUHDWHU�OXEULFDWLQJ�SURSHUWLHV�RI�D�QRQ�ZDWHU�EDVHG�GULOOLQJ�PXG�ZHUH
UHTXLUHG�WR�GULOO�WKH�ORQJ�UHDFK��KLJK�DQJOH�VHFWLRQV�RI�VHYHQ�RI�WKH�DGGLWLRQDO�ZHOOV��7KH�HVWHU�6%0�ZDV�FKRVHQ�RQ
WKH�EDVLV�RI�LWV�OXEULFLW\�DQG�ELRGHJUDGDELOLW\��WR�UHGXFH�DQ\�SRWHQWLDO�HQYLURQPHQWDO�HIIHFWV�IURP�WKH�SHUVLVWHQFH�RI
QRQ�ZDWHU�EDVHG�PXG�LQ�VHDEHG�VHGLPHQWV�

$�VHDEHG�PRQLWRULQJ�SURJUDP�ZDV�XQGHUWDNHQ�DURXQG�WKH�)RUWHVFXH�SODWIRUP�E\�WDNLQJ�VHDEHG�VDPSOHV�IURP
$XJXVW������WR�$XJXVW������DW�VLWHV�DORQJ�D�WUDQVHFW�IROORZLQJ�WKH�SUHGRPLQDQW�RFHDQ�FXUUHQW�DQG�DW�FRQWURO�VLWHV�
EHIRUH��GXULQJ�DQG�DIWHU�WKH�SHULRG�LQ�ZKLFK�6%0�FXWWLQJV�ZHUH�GLVFKDUJHG��7KH�VHDEHG�VHGLPHQWV�ZHUH�PHDVXUHG
IRU�HVWHUV��EDULXP��ELRORJLFDO�FKDQJHV�DQG�JUDLQ�VL]H��5HVXOWV�VKRZ�FOHDUO\�WKH�LQFUHDVH�LQ�HVWHUV�FRQFHQWUDWLRQ�LQ
VHGLPHQWV�GXULQJ�GULOOLQJ��WKHQ�WKH�UDSLG�GHFUHDVH�DIWHU�FRPSOHWLRQ�RI�FXWWLQJV�GLVFKDUJH��$IWHU�D�UHFRYHU\�SHULRG�RI
���PRQWKV�IURP�FRPSOHWLRQ�RI�6%0�GULOOLQJ��6%0�HVWHUV�ZHUH�QRW�GHWHFWHG�LQ�VHGLPHQWV��6HGLPHQW�EDULXP
FRQFHQWUDWLRQ�ZDV�DOVR�IRXQG�WR�EH�HOHYDWHG��EXW�RQO\�DIWHU�6%0�KDG�EHHQ�XVHG��LQGLFDWLQJ�JUHDWHU�GLVSHUVLRQ�RI
:%0�WKDQ�WKH�PRUH�FRKHVLYH�6%0��7KH�EDULXP�FRQFHQWUDWLRQV�IRXQG�JHQHUDOO\�GR�QRW�KDYH�PHDVXUDEOH�HIIHFWV�RQ
ELRWD��7KH�LPSDFW�RQ�WKH�VHGLPHQW�ELRORJ\�ZDV�IRXQG�WR�EH�OLPLWHG�WR�WKH�VDPSOLQJ�VLWH�����P�IURP�WKH�SODWIRUP�ZLWK
UHFRYHU\�HYLGHQW�ZLWKLQ�IRXU�PRQWKV�RI�FRPSOHWLRQ�RI�GULOOLQJ���0HFKDQLVPV�IRU�UHFRYHU\�RI�WKH�PLQLPDO�]RQH�RI
HIIHFW�DUH�WKRXJKW�WR�EH�D�FRPELQDWLRQ�RI�WKH�ELRGHJUDGDWLRQ�RI�WKH�HVWHU�6%0�XVHG�DQG�WKH�SK\VLFDO�VHDEHG
GLVSHUVLRQ�SURFHVV�HYLGHQW�LQ�HDVWHUQ�%DVV�6WUDLW�JHQHUDWHG�E\�WKH�FRQWLQXRXV�VHULHV�RI�VWRUPV�WKDW�SDVV�WKURXJK
HVSHFLDOO\�LQ�ZLQWHU�

7KDHPOLW]��&���$��3DWHO��*��&RIILQ��DQG�/��&RQQ��������$�QHZ�HQYLURQPHQWDOO\�VDIH�KLJK�WHPSHUDWXUH��ZDWHU�
EDVH�GULOOLQJ�IOXLG�V\VWHP��63(�,$'&��������3DJHV���������,Q�������63(�,$'&�'ULOOLQJ
&RQIHUHQFH��$PVWHUGDP��7KH�1HWKHUODQGV������0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV�	
,QWHUQDWLRQDO�$VVRFLDWLRQ�RI�'ULOOLQJ�&RQWUDFWRUV�'ULOOLQJ�&RQIHUHQFH��6RFLHW\�RI�3HWUROHXP
(QJLQHHUV��5LFKDUGVRQ��7;�

$EVWUDFW��$�QHZ��HQYLURQPHQWDOO\�VDIH�ZDWHU�EDVHG�SRO\PHU�V\VWHP�KDV�EHHQ�GHYHORSHG�IRU�GULOOLQJ�DSSOLFDWLRQV
ZLWK�WHPSHUDWXUHV�XS�WR�����&������)��DQG�KLJK�SUHVVXUHV��7KH�V\VWHP�FRPSRQHQWV�DUH�QHZO\�GHYHORSHG�V\QWKHWLF
SRO\PHUV�WKDW�GR�QRW�FRQWDLQ�FKURPLXP�RU�RWKHU�HQYLURQPHQWDOO\�KDUPIXO�PDWHULDOV��7KHVH�QHZ�V\QWKHWLF�SRO\PHUV
DUH�GHVLJQHG�WR�SHUIRUP�VSHFLILF�IXQFWLRQV�DW�KLJK�WHPSHUDWXUHV�DQG�WKH�LQQRYDWLYH�GHVLJQV�RI�WKHVH�WKHUPDOO\�VWDEOH
SRO\PHUV�DOORZ�IRU�WKH�XVH�RI�D�PLQLPXP�QXPEHU�RI�SURGXFWV�LQ�WKH�IRUPXODWLRQ�RI�KLJK�WHPSHUDWXUH�IOXLGV�

7KH�QHZ�V\VWHP�FRQVLVWV�RI�WZR�EDVLF�SRO\PHULF�FRPSRQHQWV�IRU�UKHRORJ\�DQG�ILOWUDWLRQ�FRQWURO�DW�KLJK
WHPSHUDWXUHV��+LJK�WHPSHUDWXUH�IOXLG�IRUPXODWLRQV�DUH�JUHDWO\�VLPSOLILHG�XWLOL]LQJ�WKLV�QHZ�V\VWHP��ZLWK�RQO\�WKH�WZR
SRO\PHULF�FRPSRQHQWV�EHLQJ�UHTXLUHG��DORQJ�ZLWK�D�S+�FRQWURO�DGGLWLYH��ZHLJKW�PDWHULDO��DQG�VPDOO�DPRXQWV�RI�FOD\
IRU�ILOWHU�FDNH�TXDOLW\��7KLV�VLPSOLFLW\�LV�D�VLJQLILFDQW�DGYDQWDJH�RYHU��WUDGLWLRQDO��KLJK�WHPSHUDWXUH�V\VWHPV��ZKLFK
QRUPDOO\�UHTXLUH�XVH�RI�D�ODUJH�QXPEHU�RI�DGGLWLYHV�WR�FRQWURO�RU�OLPLW�WKH�HIIHFWV�RI�WKHUPDO�GHJUDGDWLRQ�

7KH�QHZ�V\VWHP�PD\�EH�IRUPXODWHG�ZLWK�IUHVK�ZDWHU�RU�VHDZDWHU��SURYLGLQJ�IOH[LELOLW\�IRU�D�YDULHW\�RI�GULOOLQJ
HQYLURQPHQWV��([FHOOHQW�UHVLVWDQFH�WR�FRPPRQ�FRQWDPLQDQWV��VXFK�DV�FDOFLXP�DQG�PDJQHVLXP�KDUGQHVV�DQG�VROLGV
DFFXPXODWLRQ��LV�DQRWKHU�LPSRUWDQW�FKDUDFWHULVWLF�RI�WKLV�QHZ�V\VWHP�



���

7KLV�SDSHU�ZLOO�UHYLHZ�WKH�SUHYLRXV�VWDWH�RI�WKH�DUW�ZLWK�UHVSHFW�WR�KLJK�WHPSHUDWXUH��ZDWHU�EDVHG�PXGV�DQG�ZLOO
JHQHULFDOO\�GLVFXVV�WKH�XQLTXH�FKHPLVWU\�RI�WKH�QHZO\�GHYHORSHG�SRO\PHU�V\VWHP�FRPSRQHQWV��6\VWHP�IRUPXODWLRQ
DQG�DSSOLFDWLRQ�ZLOO�EH�GLVFXVVHG�

8KOHU��$�'���-�0��1HII��DQG�7��*XOEUDQVHQ��������6XUYH\�RI�PRQLWRULQJ�DSSURDFKHV�IRU�WKH�GHWHFWLRQ�RI�RLO
FRQWDPLQDWLRQ�LQ�V\QWKHWLF�EDVHG�GULOOLQJ�PXGV��6%0V���'UDIW�5HSRUW�VXEPLWWHG�WR��$PHULFDQ
3HWUROHXP�,QVWLWXWH��:DVKLQJWRQ��'&��%DWWHOOH��'X[EXU\��0$�����SS�

$EVWUDFW��7KH�8�6��(3$�UHFRPPHQGV�WKH�EXFNHW�VKHHQ�WHVW�IRU�GHWHUPLQLQJ�LI�D�GULOOLQJ�PXG�FRQWDLQV�VXIILFLHQW
SHWUROHXP�PDWHULDO�WKDW�LW�VKRXOG�QRW�EH�GLVFKDUJHG�WR�WKH�VHD��7KH�VKHHQ�WHVW�LV�QRW�VXLWDEOH�IRU�HYDOXDWLQJ�V\QWKHWLF�
EDVHG�GULOOLQJ�IOXLGV��6HYHUDO�PHWKRGV�ZHUH�HYDOXDWHG�IRU�GHWHUPLQLQJ�SHWUROHXP�LQ�V\QWKHWLF�EDVHG�GULOOLQJ�PXGV�
7KH�WRS�UDQNHG�PHWKRGV�IRU�XVH�RQ�WKH�SODWIRUP�DUH��GLUHFW�SKRWRLRQL]DWLRQ�GHWHFWLRQ�RI�PRQRDURPDWLF
K\GURFDUERQV��UHYHUVH�VROLG�SKDVH�H[WUDFWLRQ�IRU�GHWHUPLQDWLRQ�RI�FUXGH�RLO�FRQWDPLQDWLRQ��VROLG�SKDVH�H[WUDFWLRQ
IRU�GHWHUPLQDWLRQ�RI�FUXGH�RLO�FRQWDPLQDWLRQ��DQG�WKLQ�OD\HU�FKURPDWRJUDSK\�ZLWK�89�IOXRUHVFHQFH�GHWHFWLRQ�WR
GHWHFW�DURPDWLF�K\GURFDUERQV��*DV�FKURPDWRJUDSKLF�PHWKRGV�DUH�VXLWDEOH�IRU�PXG�DQDO\VLV�LQ�WKH�ODERUDWRU\�

8QLWHG�.LQJGRP��������6\QWKHWLF�PXG��60��V\VWHP�FRQWURO�LQ�WKH�8.���DQ�XSGDWH��6(%$��������(��3UHVHQWHG
�E\�WKH�8QLWHG�.LQJGRP�DW�WKH�2VOR�DQG�3DULV�&RQYHQWLRQV�IRU�WKH�3UHYHQWLRQ�RI�0DULQH�3ROOXWLRQ
:RUNLQJ�*URXS�RQ�6HD�%DVHG�$FWLYLWLHV��6(%$���%LDUULW]��)UDQFH��)HEUXDU\����������������SS�

$EVWUDFW��'HJUDGDELOLW\�RI�6%0V�ZDV�HYDOXDWHG��6HYHUDO�6%0�EDVH�FKHPLFDOV�ZHUH�QR�PRUH�GHJUDGDEOH�WKDQ�2%0V
DQG�ZLOO�EH�SKDVHG�RXW�IRU�RIIVKRUH�GLVSRVDO�E\�������2WKHU�PXGV��LQFOXGLQJ�HVWHUV��PD\�EH�GLVFKDUJHG�XQOHVV
VHDEHG�VXUYH\V�VKRZ�XQDFFHSWDEOH�LPSDFW�RQ�WKH�PDULQH�HQYLURQPHQW�

%LRGHJUDGDWLRQ�RI�DFHWDO��HVWHU��LQWHUQDO�ROHIXQ��OLQHDU�DOSKD�ROHILQ��SRO\�DOSKD�ROHILQ�DQG�Q�SDUDIILQ�ZHUH�HYDOXDWHG
DW�����������DQG�������PJ�RUJDQLF�FDUERQ�J�GU\�VHGLPHQW��)RXU�RI�WKH�EDVH�PDWHULDOV��DFHWDO��LQWHUQDO�ROHILQ��Q�
SDUDIILQ��DQG�SRO\�DOSKD�ROHILQ��GLG�QRW�SHUIRUP�EHWWHU�WKDQ�PLQHUDO�RLO�LQ�WHUPV�RI�WKHLU�UHODWLYH�GHJUDGDWLRQ�
$OWKRXJK�OLQHDU�DOSKD�ROHILQ�SHUIRUPHG�VLJQLILFDQWO\�EHWWHU�WKDQ�WKH�PLQHUDO�RLO�DW�DOO�FRQFHQWUDWLRQV�����SHUFHQW�RI
WKH�EDVH�IOXLG�VWLOO�UHPDLQHG�DIWHU�����GD\V�DW�WKH�KLJKHVW�FRQFHQWUDWLRQ��7KH�UDWH�RI�GHJUDGDWLRQ�RI�WKH�EDVH
PDWHULDOV�GHFUHDVHG�DV�FRQFHQWUDWLRQ�LQ�VHGLPHQWV�LQFUHDVHG��7KH�UDWH�RI�GHJUDGDWLRQ�RI�GLIIHUHQW�FKHPLFDOV
GHFUHDVHG�ZLWK�LQFUHDVLQJ�SURSRUWLRQ�RI�EUDQFKLQJ�DQG�FRPSOH[LW\�RI�WKH�PROHFXOHV��6RPH�EDVH�PDWHULDOV�KDG�DQ
DSSDUHQW����GD\�ODJ�SKDVH�EHIRUH�GHJUDGDWLRQ�EHJDQ�

8QLWHG�.LQJGRP�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ�DQG�8QLWHG�.LQJGRP�'HSDUWPHQW�RI�7UDGH�DQG�,QGXVWU\�
������6\QRSVLV�RI�UHYLHZ�RI�GULOO�FXWWLQJV�SLOHV�RQ�WKH�8QLWHG�.LQJGRP�&RQWLQHQWDO�6KHOI��$JHQGD
,WHP����6(%$��������(��3UHVHQWHG�E\�WKH�8QLWHG�.LQJGRP�DW�WKH�2VOR�DQG�3DULV�&RQYHQWLRQV�IRU�WKH
3UHYHQWLRQ�RI�0DULQH�3ROOXWLRQ�:RUNLQJ�*URXS�RQ�6HD�%DVHG�$FWLYLWLHV��6(%$���%LDUULW]��)UDQFH�����
���)HEUXDU\���������SS�

&XWWLQJV�SLOHV�ZHUH�REVHUYHG�DURXQG�DSSUR[LPDWHO\����SODWIRUPV�LQ�WKH�QRUWKHUQ�DQG�FHQWUDO�1RUWK�6HD��6KDOORZ
ZDWHU�GHSWKV�LQ�WKH�VRXWKHUQ�1RUWK�6HD�DOORZ�GLVSHUVLRQ�RI�FXWWLQJV�DQG�FXWWLQJV�SLOHV�GR�QRW�DFFXPXODWH��&XWWLQJV
SLOHV�UDQJH�IURP�OHVV�WKDQ���P�WR�D�PD[LPXP�KHLJKW�RI�DERXW����P��WKH�SLOHV�DUH�¦VRIW§�DQG�FRQWDLQ�����WR����
ZDWHU��+\GURFDUERQV�DUH�ELRGHJUDGHG�RQ�WKH�VXUIDFH�VHGLPHQWV�LQ�WKH�SLOH�EXW�QRW�EHORZ�WKH�VXUIDFH��6HYHUH�LPSDFWV
RQ�EHQWKLF�IDXQD�DUH�REVHUYHG�RXW�WR�DERXW�����P��WKHUH�LV�D�WUDQVLWLRQ�]RQH�RI�OHVVHU�LPSDFW�RXW�WR�DERXW���NP�

8QLWHG�.LQJGRP�2IIVKRUH�2SHUDWRUV�$VVRFLDWLRQ�DQG�8QLWHG�.LQJGRP�'HSDUWPHQW�RI�7UDGH�DQG�,QGXVWU\�
�������7HFKQLFDO�QRWH�RQ�WKH�XVH�RI�V\QWKHWLF�GULOOLQJ�IOXLGV��$JHQGD�,WHP����6(%$��������(�
3UHVHQWHG�E\�WKH�8QLWHG�.LQJGRP�DW�WKH�2VOR�DQG�3DULV�&RQYHQWLRQV�IRU�WKH�3UHYHQWLRQ�RI�0DULQH
3ROOXWLRQ�:RUNLQJ�*URXS�RQ�6HD�%DVHG�$FWLYLWLHV��6(%$���%LDUULW]��)UDQFH�������)HEUXDU\������
��SS�

$EVWUDFW��:LWK�WKH�SKDVH�RXW�RI�2%0��WKH�8.�RLO�LQGXVWU\�KDV�GHYHORSHG�FULWHULD�IRU�VHOHFWLRQ�RI�UHSODFHPHQW�6%0V�
%LRGHJUDGDWLRQ�VWXGLHV��PRGHOOLQJ��DQG�VHDEHG�VXUYH\V�DUH�XVHG�WR�HYDOXDWH�WKH�HQYLURQPHQWDO�LPSDFWV�RI�6%0
FXWWLQJV�



���

9HLO��-�$���&�-��%XUNH��DQG�'�2��0RVHV��������6\QWKHWLF�EDVHG�PXGV�FDQ�LPSURYH�GULOOLQJ�HIILFLHQF\�ZLWKRXW
�SROOXWLQJ��2LO�	�*DV�-RXUQDO���������������

$EVWUDFW��7KH�DXWKRUV�GHVFULEH�WKH�HQYLURQPHQWDO�EHQHILWV�RI�V\QWKHWLF�EDVHG�GULOOLQJ�PXGV��7KHVH�LQFOXGH��OHVV
ZDVWH�LV�SURGXFHG�IURP�D�UHF\FODEOH�SURGXFW��FRPSDUHG�WR�:%0V���HOLPLQDWLRQ�RI�GLHVHO�DV�D�PXG�EDVH�OHVVHQV�WKH
SROOXWLRQ�KD]DUG��LPSURYHV�ZRUNHU�VDIHW\�WKURXJK�ORZHU�WR[LFLW\�DQG�GLPLQLVKHG�LUULWDQW�SURSHUWLHV��DQG�UHGXFHV
FRQVHTXHQW�ULVN��FRPSDUHG�WR�2%0V���LQFUHDVHG�XVH�RI�KRUL]RQWDO�GULOOLQJ�UHGXFHV�WKH�DUHDO�H[WHQW�DQG�WKH
HQYLURQPHQWDO�LPSDFWV�RI�RIIVKRUH�RLO�DQG�JDV�RSHUDWLRQV��FRPSDUHG�WR�:%0V���VKRUWHQHG�GULOOLQJ�WLPH�UHVXOWV�LQ
UHGXFHG�DLU�HPLVVLRQV�IURP�GULOOLQJ�SRZHU�VRXUFHV��FRPSDUHG�WR�:%0V���DQG�LPSURYHG�GULOOLQJ�SHUIRUPDQFH
GHFUHDVHV�ZDVWH�JHQHUDWLQJ�LQFLGHQWV��VXFK�DV�SLSH�VWXFN�LQ�WKH�KROH��6XFK�LQFLGHQWV�QHFHVVLWDWH�WKH�XVH�RI�GLHVHO�RU
RWKHU�RLO��SLOOV��WKDW�DGG�WR�WKH�ZDVWH�ORDG�IURP�WKH�PXG��FRPSDUHG�WR�:%0V��

9HLO��-�$��DQG�-�0��'DO\��������,QQRYDWLYH�UHJXODWRU\�DSSURDFK�IRU�V\QWKHWLF�EDVHG�GULOOLQJ�IOXLGV��63(��������,Q�
�����63(�(3$�([SORUDWLRQ�DQG�3URGXFWLRQ�(QYLURQPHQWDO�&RQIHUHQFH��$XVWLQ��7;�����)HEUXDU\���0DUFK
������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;����SS�

$EVWUDFW��7KH�RLO�DQG�JDV�LQGXVWU\�KDV�KLVWRULFDOO\�XVHG�ZDWHU�EDVHG�PXGV��:%0V��DQG�RLO�EDVHG�PXGV��2%0V��LQ
RIIVKRUH�GULOOLQJ�RSHUDWLRQV��:%0V�DUH�OHVV�H[SHQVLYH�DQG�DUH�ZLGHO\�XVHG��%RWK�WKH�:%0V�DQG�WKH�DVVRFLDWHG�GULOO
FXWWLQJV�PD\�EH�GLVFKDUJHG�IURP�WKH�SODWIRUP�WR�WKH�VHD�SURYLGHG�WKH�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��(3$�
GLVFKDUJH�OLPLWDWLRQV�DUH�PHW��,Q�VRPH�ZHOOV��KRZHYHU��GLIILFXOW�GULOOLQJ�FRQGLWLRQV�PD\�IRUFH�D�VZLWFK�IURP�D�:%0
WR�DQ�2%0��1HLWKHU�WKH�2%0�QRU�WKH�DVVRFLDWHG�GULOO�FXWWLQJV�PD\�EH�GLVFKDUJHG��7KH�2%0�LV�KDXOHG�WR�VKRUH�
ZKHUH�LW�LV�SURFHVVHG�IRU�UHXVH��ZKLOH�WKH�DVVRFLDWHG�FXWWLQJV�DUH�LQMHFWHG�LQ�D�GLVSRVDO�ZHOO�DW�WKH�SODWIRUP�RU
KDXOHG�WR�VKRUH�WR�D�GLVSRVDO�IDFLOLW\��%RWK�RI�WKHVH�RSWLRQV�DUH�H[SHQVLYH��6\QWKHWLF�EDVHG�PXGV��6%0V��DUH�GULOOLQJ
IOXLGV�WKDW�XVH�V\QWKHWLF�RUJDQLF�FKHPLFDOV�DV�EDVH�IOXLGV��6%0V�ZHUH�GHYHORSHG�WR�UHSODFH�2%0V�LQ�GLIILFXOW�GULOOLQJ
VLWXDWLRQV��6%0V�DUH�PRUH�H[SHQVLYH�WKDQ�2%0V��KRZHYHU��WKH\�KDYH�VXSHULRU�HQYLURQPHQWDO�SURSHUWLHV�WKDW�PD\
SHUPLW�WKH�FXWWLQJV�WR�EH�GLVFKDUJHG�RQ�VLWH��/LNH�2%0V��6%0V�DUH�KDXOHG�DVKRUH�IRU�SURFHVVLQJ�DQG�UHXVH�DIWHU�WKH
ZHOO�LV�GULOOHG�

7KH�H[LVWLQJ�QDWLRQDO�HIIOXHQW�OLPLWDWLRQV�JXLGHOLQHV��(/*V��IRU�WKH�RIIVKRUH�LQGXVWU\�GR�QRW�LQFOXGH�UHTXLUHPHQWV�IRU
6%0�FXWWLQJV�VLQFH�6%0V�ZHUH�QRW�FRPPRQO\�LQ�XVH�DW�WKH�WLPH�WKH�(/*V�ZHUH�DGRSWHG��,Q�ODWH�������(3$
DQQRXQFHG�WKDW�LW�ZRXOG�PRGLI\�WKH�RIIVKRUH�(/*V�WR�LQFOXGH�UHTXLUHPHQWV�IRU�GLVFKDUJHV�RI�FXWWLQJV�GULOOHG�ZLWK
6%0V��)RU�WKH�ILUVW�WLPH�LQ�WKH�KLVWRU\�RI�WKH�(/*�SURJUDP��(3$�LV�IROORZLQJ�DQ�LQQRYDWLYH�H[SHGLWHG�UXOHPDNLQJ
SURFHVV�WKDW�ZLOO�OHDG�WR�GHYHORSPHQW�RI�GUDIW�UHJXODWLRQV�LQ�RQH�\HDU�UDWKHU�WKDQ�WKH����WR���\HDU�SHULRG�XVXDOO\
QHHGHG��:LWK�GLUHFWLRQ�IURP�WKH�IHGHUDO�JRYHUQPHQW�WR�VWDNHKROGHUV�FRQFHUQLQJ�LQIRUPDWLRQ�QHHGV�IRU�WKH�UHJXODWRU\
GHYHORSPHQW��WKH�LQGXVWU\�KDV�HVWDEOLVKHG�VHYHUDO�ZRUNLQJ�JURXSV�WR�FROOHFW�QHZ�VFLHQWLILF�LQIRUPDWLRQ�RQ�6%0V�
7KLV�SDSHU�GHVFULEHV�WKH�H[SHGLWHG�UXOHPDNLQJ�SURFHVV�DQG�VXPPDUL]HV�WKH�ILQGLQJV�RI�WKH�ZRUNJURXSV�WR�GDWH�

9HLO��-�$���-�0��'DO\��DQG�1��-RKQVRQ��������(3$�VSHHGV�UHJV�IRU�RIIVKRUH�V\QWKHWLF�EDVHG�PXG��2LO�DQG
�*DV�-RXUQDO���������������

$EVWUDFW��7KH�8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�LV�FROODERUDWLQJ�ZLWK�RLO�LQGXVWU\�ZRUNLQJ�JURXSV�WR�GHYHORS
UHJXODWLRQV�IRU�WKH�GLVFKDUJH�RI�6%0�FXWWLQJV�WR�RIIVKRUH�ZDWHUV�RI�WKH�*XOI�RI�0H[LFR��7KH�ZRUNLQJ�JURXSV�LQFOXGH
DQDO\WLFDO��UHWHQWLRQ�RQ�FXWWLQJV��WR[LFLW\��VHDEHG�HIIHFWV�DQG�ELRGHJUDGDWLRQ�

7KH�DQDO\WLFDO�ZRUN�JURXS�KDV�GHYHORSHG�DQG�HYDOXDWHG�PHWKRGV�IRU�GHWHFWLQJ�SHWUROHXP�LQ�6%0��7KH�UHFRPPHQGHG
PHWKRG�IRU�RQ�SODWIRUP�XVH�LV�D�UHYHUVH�SKDVH�H[WUDFWLRQ�PHWKRG��ZLWK�FRQILUPDWLRQ�IRU�VHOHFWHG�VDPSOHV�E\�*&�06�
7KH�FXWWLQJV�ZRUN�JURXS�VXUYH\HG�WKH�SHUFHQW�RI�6%0�RQ�VFUHHQHG�FXWWLQJV�GLVFKDUJHG�WR�WKH�RFHDQ��7KH\
GHWHUPLQHG�WKDW�WKHUH�LV�EHWZHHQ���DQG�����6%0��DYHUDJH������UHWDLQHG�RQ�ZDVKHG�FXWWLQJV��7KH�WR[LFLW\�ZRUN
JURXS�LV�HYDOXDWLQJ�GLIIHUHQW�ELRDVVD\�SURWRFROV�IRU�GHWHUPLQLQJ�WKH�WR[LFLW\�WR�PDULQH�RUJDQLVPV�RI�6%0�FXWWLQJV�LQ
PDULQH�VHGLPHQWV��7KH�VHDEHG�ZRUN�JURXS�LV�GHVLJQLQJ�D�PXOWL�\HDU�VXUYH\�WR�H[DPLQH�WKH�HIIHFWV�RI�6%0�FXWWLQJV
GLVFKDUJHV�RQ�EHQWKLF�ELRORJLFDO�HFRV\VWHPV��7KH�ELRGHJUDGDWLRQ�ZRUN�JURXS�LV�HYDOXDWLQJ�GLIIHUHQW�PHWKRGV�IRU
PHDVXULQJ�ELRGHJUDGDWLRQ�RI�6%0�LQ�PDULQH�VHGLPHQWV���(3$�KDV�FKRVHQ�D�GLVFKDUJH�RSWLRQ�IRU�UHJXODWLQJ�6%0�
EDVHG�RQ�LWV�DVVHVVPHQW�WKDW�ZDWHU�TXDOLW\�LPSDFWV�RI�DSSURSULDWHO\�FRQWUROOHG�6%0�GLVFKDUJHV�DUH�OHVV�KDUPIXO�WR
WKH�HQYLURQPHQW�WKDQ�WKH�QRQ�ZDWHU�TXDOLW\�HQYLURQPHQWDO�LPSDFWV��IXHO�XVH��DLU�HPLVVLRQV��HWF���WKDW�ZRXOG�RFFXU�LI
]HUR�GLVFKDUJH�KDG�EHHQ�VHOHFWHG��3URSRVHG�UHJXODWLRQV�LQFOXGH�WKH�IROORZLQJ�



���

�� =HUR�GLVFKDUJH�RI�QHDW�6%0��IOXLGV�QRW�DWWDFKHG�WR�FXWWLQJV��

��� /LPLWDWLRQV�RQ�6%0�FXWWLQJV�FKDUDFWHULVWLFV��LQFOXGLQJ�QR�PRUH�WKDQ����SSP�3$+�RQ�FXWWLQJV��D�PLQLPXP�UDWH
RI�ELRGHJUDGDWLRQ�RI�6%0�LQ�VHGLPHQWV�XVLQJ�WKH�8.�VROLG�SKDVH�WHVW��DQG�D�PD[LPXP����GD\�VHGLPHQW�WR[LFLW\
WHVW�XVLQJ�WKH�DPSKLSRG�/HSWRFKHLUXV�SOXPXORVXV�

��� 'LVFKDUJH�OLPLWDWLRQV�RI�FXWWLQJV�FRQWDLQLQJ�6%0V��LQFOXGLQJ�QR�IUHH�RLO�E\�WKH�VWDWLF�VKHHQ�WHVW��D�OLPLW�RQ
FRQWDPLQDWLRQ�E\�FUXGH�RLO��DQG�D�PD[LPXP�RI�������UHWHQWLRQ�RI�6%0�RQ�FXWWLQJV�

��� 6%0�FXWWLQJV�GLVFKDUJHV�UHPDLQ�VXEMHFW�WR�FXUUHQW�UHTXLUHPHQWV�IRU�:%0��LQFOXGLQJ�D�PD[LPXP�RI���PJ�NJ
PHUFXU\�LQ�VWRFN�EDULWH��D�PD[LPXP�RI���PJ�NJ�FDGPLXP�LQ�VWRFN�EDULWH��DQG�QR�GLVFKDUJH�RI�GLHVHO�IXHO�

��� 2WKHU�FRQWUROV�EHLQJ�FRQVLGHUHG�LQFOXGH�D�PD[LPXP�VHGLPHQW�WR[LFLW\�RI�ZKROH�GULOOLQJ�IOXLG��D�PD[LPXP
DTXHRXV�SKDVH�WR[LFLW\�RI�WKH�ZKROH�6%0��DQG�D�PD[LPXP�SRWHQWLDO�IRU�ERLDFXPXODWLRQ�RI�EDVH�PXG�

9LN��(�$���6��'HPSVH\��DQG�%�6��1HVJDUG��������(YDOXDWLRQ�RI�DYDLODEOH�WHVW�UHVXOWV�IURP�HQYLURQPHQWDO
VWXGLHV�RI�V\QWKHWLF�EDVHG�GULOOLQJ�PXGV��9HUVLRQ����$TXDWHDP�5HSRUW�1XPEHU����������2/)�3URMHFW�
$FFHSWDQFH�&ULWHULD�IRU�'ULOOLQJ�)OXLGV��$TXDWHDP�1RUZHJLDQ�:DWHU�7HFKQRORJ\�&HQWUH�$�6��2VOR�
1RUZD\������SS�

$EVWUDFW��7KLV�UHSRUW�LQFOXGHV�D�VXPPDU\�RI�DOO�LQIRUPDWLRQ�EURXJKW�IRUZDUG�WR�$TXDWHDP�IRU�FRPSOHWLRQ�RI�DQ
HYDOXDWLRQ�RI�WHVW�UHVXOWV�IURP�HQYLURQPHQWDO�LPSDFW�VWXGLHV�RI�V\QWKHWLF�EDVHG�PXG�V\VWHPV��7KH�SURMHFW�LV�FDUULHG
RXW�RQ�EHKDOI�RI�2/)
V�:RUNLQJ�*URXS�RQ�$FFHSWDQFH�&ULWHULD�IRU�'LVFKDUJHV�RI�'ULOOLQJ�)OXLGV�

7KH�UHSRUW�LQFOXGHV�DQ�HYDOXDWLRQ�RI�ODERUDWRU\�WHVW�UHVXOWV��UHVXOWV�IURP�VLPXODWHG�VHDEHG�VWXGLHV�DQG�IURP�ILHOG
VXUYH\V�IRU�WKH�GLIIHUHQW�V\QWKHWLF�PXG�V\VWHPV��7KH�UHSRUW�FRPSDUHV�WHVW�UHVXOWV�REWDLQHG�XQGHU�GLIIHUHQW�WHVW
FRQGLWLRQV�DQG�JLYHV�UHFRPPHQGDWLRQV�WR�D�VHW�RI�FULWHULD�DQG�IXWXUH�ZRUN�FRQFHUQLQJ�LPSOHPHQWDWLRQ�

$�PDULQH�DQDHURELF�ELRGHJUDGDWLRQ�WHVW�LV�QHHGHG�WR�SUHGLFW�WKH�SHUVLVWHQFH�RI�V\QWKHWLF�EDVHG�PXGV�LQ�WKH�PDULQH
HQYLURQPHQW��7KH�XOWLPDWH�VHOHFWLRQ�RI�WKH�PRVW�HQYLURQPHQWDOO\�IULHQGO\�6%0�VKRXOG��KRZHYHU��QRW�RQO\�FRPSDUH
HQYLURQPHQWDO�IDWH��SHUFHQW�ELRGHJUDGDWLRQ���EXW�WDNH�LQWR�FRQVLGHUDWLRQ�WKH�RYHUDOO�HQYLURQPHQWDO�LPSDFW��)LHOG
VWXGLHV�RI�6%0�LPSDFWV�DUH�WKH�EHVW�PHWKRGV�IRU�HYDOXDWLQJ�WKH�HQYLURQPHQWDO�EHKDYLRU�RI�6%0V��EXW�DUH�H[SHQVLYH�
0HVRFRVP�WHVWV��VXFK�DV�WKH�1,9$�WHVW��SURGXFH�JRRG�UHVXOWV�DW�ORZHU�FRVWV��$FFHSWDQFH�FULWHULD�IRU�RFHDQ�GLVSRVDO
RI�6%0�FXWWLQJV�VKRXOG�LQFOXGH�

x� 5HTXLUHPHQWV�IRU�GRFXPHQWDWLRQ�RI�DEVHQFH�RI�KHDY\�PHWDOV��DURPDWLF�K\GURFDUERQV��DQG�RWKHU�KD]DUGRXV
FKHPLFDOV��HYLGHQFH�RI�ELRGHJUDGDELOLW\��DQG�ORZ�SRWHQWLDO�WR�ELRDFFXPXODWH�

x� 5LVN�DVVHVVPHQW�RI�HQYLURQPHQWDO�LPSDFW�VXLQJ�&+$50�

x� 9DOLGDWLRQ�RI�WKH�&+$50�PRGHO�XVLQJ�VSHFLDOO\�GHVLJQHG�PHVRFRVP�H[SHULPHQWV��H�J���1,9$�WHVW��

x� 6WDQGDUG�WHVW�SURWRFROV�IRU�DQDHURELF�GHJUDGDWLRQ�WHVWV��GHWHUPLQDWLRQ�RI�ORJ�.RZ��DQG�DVVHVVPHQW�RI
ELRDFFXPXODWLRQ�

9LN��(�$���%�6��1HVJDUG��-�'��%HUJ��6�0��'HPSVH\��'�5��-RKQVRQ��/��*DZHO��DQG�(��'DOODQG��������)DFWRUV�DIIHFWLQJ
PHWKRGV�IRU�ELRGHJUDGDWLRQ�WHVWLQJ�RI�GULOOLQJ�IOXLGV�IRU�PDULQH�GLVFKDUJH��63(��������3DJHV���������,Q�
,QWHUQDWLRQDO�&RQIHUHQFH�RQ�+HDOWK��6DIHW\�	�(QYLURQPHQW��1HZ�2UOHDQV��/RXLVLDQD�������-XQH������
6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��7KLV�SDSHU�SUHVHQWV�WKH�UHVXOWV�IURP�D�WKUHH�\HDU�UHVHDUFK�SURJUDP�SHUIRUPHG�RQ�EHKDOI�RI�&RQRFR
1RUZD\�,QF���&1,��RQ�WKH�VWDQGDUGL]DWLRQ�RI�ELRGHJUDGDWLRQ�WHVW�SURWRFROV�IRU�SRRUO\�RU�QRQ�ZDWHU�VROXEOH�6%0V
DQG�VXPPDUL]HV�H[SHULHQFHV�IURP�ZRUN�FRQGXFWHG�E\�FKHPLFDO�VXSSOLHUV�DQG�RLO�RSHUDWRUV��DQG�HYDOXDWHG�RQ�EHKDOI
RI�WKH�1RUZHJLDQ�2LO�,QGXVWU\�$VVRFLDWLRQ��2/)��LQ�D�SURMHFW�RQ�DFFHSWDQFH�FULWHULD�IRU�GULOOLQJ�PXGV��5HVXOWV�IURP

-



���

WKH�&1,�SURMHFW�LQFOXGH�LQIRUPDWLRQ�RQ�SDUDPHWHUV�RI�LPSRUWDQFH�IRU�VWDQGDUGL]DWLRQ�RI�WKH�ELRGHJUDGDWLRQ�WHVW�DQG
WKHLU�LQIOXHQFH�RQ�GHYLDWLRQV�LQ�WHVW�UHVXOWV��5HVXOWV�IURP�WKH�2/)�SURMHFW�DUH�XVHG�WR�FRPSDUH�ELRGHJUDGDWLRQ�WHVW
UHVXOWV�RI�6%0V�XVLQJ�GLIIHUHQW�WHVW�SURWRFROV��DV�ZHOO�DV�IRU�ORRNLQJ�DW�WKH�ELRGHJUDGDWLRQ�WHVW�LQ�WKH�FRQWH[W�RI
HYDOXDWLQJ�RYHUDOO�HQYLURQPHQWDO�LPSDFW�

=HYDOORV��0�$�/���-��&DQGOHU��-�+��:RRG��DQG�/�0��5HXWHU��������6\QWKHWLF�EDVHG�IOXLGV�HQKDQFH
HQYLURQPHQWDO�DQG�GULOOLQJ�SHUIRUPDQFH�LQ�GHHSZDWHU�ORFDWLRQV��63(��������3DJHV���������,Q��63(
,QWHUQDWLRQDO�3HWUROHXP�&RQIHUHQFH�	�([KLELWLRQ�RI�0H[LFR��9LOODKHUPRVD��7DEDVFR��0H[LFR�����
0DUFK�������6RFLHW\�RI�3HWUROHXP�(QJLQHHUV��,QF��5LFKDUGVRQ��7;�

$EVWUDFW��'HHSZDWHU�GULOOLQJ�LQ�WKH�*XOI�RI�0H[LFR�LV�D�FKDOOHQJLQJ�RSSRUWXQLW\�IRU�GULOOLQJ�IOXLG�SHUIRUPDQFH�
6\QWKHWLF�EDVHG�PXGV��6%0V��DSSOLHG�LQ�WKH�*XOI�RI�0H[LFR�KDYH�RYHUFRPH�SHUIRUPDQFH�VKRUWIDOOV�RI�FXUUHQWO\
DYDLODEOH�ZDWHU�EDVHG�DQG�RLO�EDVHG�PXGV��7KLV�SDSHU�ZLOO�FRPSDUH�HQYLURQPHQWDO��KHDOWK��DQG�GULOOLQJ
SHUIRUPDQFH�IDFWRUV�RI�SRO\DOSKDROHILQV��3$2��DQG�LQWHUQDO�ROHILQV��,2��6%0V�ZLWK�HPSKDVLV�RQ�UKHRORJLFDO
SURILOHV��DFXWH�WR[LFLW\��EHQWKLF�WR[LFLW\��ELRDFFXPXODWLRQ��DQG�ELRGHJUDGDWLRQ�UDWHV��)LHOG�FDVH�KLVWRULHV�RI�3$2�DQG
,2�6%0V�XVHG�LQ�GHHSZDWHU�SURMHFWV�DUH�FRPSDUHG�WR�ZDWHU�EDVHG�PXGV��:%0��DQG�RLO�EDVHG�PXGV��2%0��

7KH�WR[LFLW\�RI�D�&�����,2�PXG�DQG�D�&�����3$2�PXG�LQ�WKH�VXVSHQGHG�SDUWLFXODWH�SKDVH�WHVW�ZLWK�P\VLGV�LV�EHORZ
(3$�WHVW�UHTXLUHPHQWV��%RWK�GULOOLQJ�PXGV�DOVR�SDVV�WKH�1RUWK�6HD�]RRSODQNWRQ�WR[LFLW\�WHVW��7KH\�DOVR�SDVV�WKH
VROLG�SKDVH�VHGLPHQW�ELRDVVD\�ZLWK�WKH�DPSKLSRG�&RURSKLXP�YROXWDWRU��7KH�PHGLDQ�OHWKDO�FRQFHQWUDWLRQV�ZHUH
!�������PJ�NJ�IRU�3$2�DQG�������PJ�NJ�IRU�,2��7KH�6%0V�KDYH�D�ORZ�SRWHQWLDO�WR�ELRDFFXPXODWH��7KH�PXGV
H[SHULHQFHG����WR����SHUFHQW�GHJUDGDWLRQ�LQ����GD\V�LQ�WZR�DHURELF�ELRGHJUDGDWLRQ�WHVWV��%HWZHHQ����DQG���
SHUFHQW�RI�WKH�WZR�6%0V�GHJUDGHG�

-



7KH�'HSDUWPHQW�RI�WKH�,QWHULRU�0LVVLRQ

$V� WKH� 1DWLRQ
V� SULQFLSDO� FRQVHUYDWLRQ� DJHQF\�� WKH� 'HSDUWPHQW� RI� WKH� ,QWHULRU� KDV� UHVSRQVLELOLW\� IRU
PRVW�RI�RXU�QDWLRQDOO\�RZQHG�SXEOLF�ODQGV�DQG�QDWXUDO�UHVRXUFHV���7KLV�LQFOXGHV�IRVWHULQJ�VRXQG�XVH�RI
RXU� ODQG� DQG� ZDWHU� UHVRXUFHV�� SURWHFWLQJ� RXU� ILVK�� ZLOGOLIH�� DQG� ELRORJLFDO� GLYHUVLW\�� SUHVHUYLQJ� WKH
HQYLURQPHQWDO� DQG� FXOWXUDO� YDOXHV� RI� RXU� QDWLRQDO� SDUNV� DQG� KLVWRULFDO� SODFHV�� DQG� SURYLGLQJ� IRU� WKH
HQMR\PHQW� RI� OLIH� WKURXJK� RXWGRRU� UHFUHDWLRQ�� 7KH� 'HSDUWPHQW� DVVHVVHV� RXU� HQHUJ\� DQG� PLQHUDO
UHVRXUFHV� DQG� ZRUNV� WR� HQVXUH� WKDW� WKHLU� GHYHORSPHQW� LV� LQ� WKH� EHVW� LQWHUHVWV� RI� DOO� RXU� SHRSOH� E\
HQFRXUDJLQJ� VWHZDUGVKLS� DQG� FLWL]HQ� SDUWLFLSDWLRQ� LQ� WKHLU� FDUH�� � 7KH� 'HSDUWPHQW� DOVR� KDV� D� PDMRU
UHVSRQVLELOLW\�IRU�$PHULFDQ�,QGLDQ�UHVHUYDWLRQ�FRPPXQLWLHV�DQG�IRU�SHRSOH�ZKR�OLYH�LQ�LVODQG�WHUULWRULHV
XQGHU�8�6��DGPLQLVWUDWLRQ�

7KH�0LQHUDOV�0DQDJHPHQW�6HUYLFH�0LVVLRQ

$V�D�EXUHDX�RI�WKH�'HSDUWPHQW�RI�WKH�,QWHULRU��WKH�0LQHUDOV�0DQDJHPHQW�6HUYLFH
V��006��SULPDU\
UHVSRQVLELOLWLHV�DUH�WR�PDQDJH�WKH�PLQHUDO�UHVRXUFHV�ORFDWHG�RQ�WKH�1DWLRQ
V�2XWHU�&RQWLQHQWDO�6KHOI
�2&6���FROOHFW�UHYHQXH�IURP�WKH�)HGHUDO�2&6�DQG�RQVKRUH�)HGHUDO�DQG�,QGLDQ�ODQGV��DQG�GLVWULEXWH
WKRVH�UHYHQXHV�

0RUHRYHU��LQ�ZRUNLQJ�WR�PHHW�LWV�UHVSRQVLELOLWLHV��WKH�2IIVKRUH�0LQHUDOV�0DQDJHPHQW�3URJUDP
DGPLQLVWHUV�WKH�2&6�FRPSHWLWLYH�OHDVLQJ�SURJUDP�DQG�RYHUVHHV�WKH�VDIH�DQG�HQYLURQPHQWDOO\�VRXQG
H[SORUDWLRQ�DQG�SURGXFWLRQ�RI�RXU�1DWLRQ
V�RIIVKRUH�QDWXUDO�JDV��RLO�DQG�RWKHU�PLQHUDO�UHVRXUFHV���7KH
006�5R\DOW\�0DQDJHPHQW�3URJUDP�PHHWV�LWV�UHVSRQVLELOLWLHV�E\�HQVXULQJ�WKH�HIILFLHQW��WLPHO\�DQG
DFFXUDWH�FROOHFWLRQ�DQG�GLVEXUVHPHQW�RI�UHYHQXH�IURP�PLQHUDO�OHDVLQJ�DQG�SURGXFWLRQ�GXH�WR�,QGLDQ
WULEHV�DQG�DOORWWHHV��6WDWHV�DQG�WKH�8�6��7UHDVXU\�

7KH� 006� VWULYHV� WR� IXOILOO� LWV� UHVSRQVLELOLWLHV� WKURXJK� WKH� JHQHUDO� JXLGLQJ� SULQFLSOHV� RI�� � ���� EHLQJ
UHVSRQVLYH�WR�WKH�SXEOLF
V�FRQFHUQV�DQG�LQWHUHVWV�E\�PDLQWDLQLQJ�D�GLDORJXH�ZLWK�DOO�SRWHQWLDOO\�DIIHFWHG
SDUWLHV�DQG�����FDUU\LQJ�RXW�LWV�SURJUDPV�ZLWK�DQ�HPSKDVLV�RQ�ZRUNLQJ�WR�HQKDQFH�WKH�TXDOLW\�RI�OLIH�IRU
DOO�$PHULFDQV�E\�OHQGLQJ�006�DVVLVWDQFH�DQG�H[SHUWLVH�WR�HFRQRPLF�GHYHORSPHQW�DQG�HQYLURQPHQWDO
SURWHFWLRQ�
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